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ABSTRACT

The research work in the present thesis has been performed to investigate the effect of
amphiphilic molecules (Pluronic polymers, antibiotic Amphotericin B and bile salts) on
permeability of a negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol), sodium salt (POPG) lipid bilayer by monitoring the adsorption and
transport characteristics of an organic ion, LDS-698 (LDS*) as the second harmonic
(SH) probe. The interfacial SH spectroscopy is performed using the quasi-CW output of
a Ti-sapphire laser pumped by 532 nm wavelength of Nd-YAG green laser. The brief
descriptions of research works presented in the thesis are given below.

Pluronic polymer induced transport of an organic cation across a negatively charged
POPG membrane bilayer have been studied using interfacial selective second harmonic
(SH) spectroscopic technique. The length of either hydrophilic (poly-ethylene oxide) or
hydrophobic (poly-propylene oxide) unit in the polymer has been varied to investigate
their effect on membrane transport. Membrane transport has been observed to depend
critically on the length of the hydrophobic segment present in the polymer. Membrane
transport studies using polymers which were either “incorporated” or “incubated” with
the lipid bilayer suggested that bilayer packing plays a critical role in the insertion of

polymers having a long hydrophilic chain.

The effect of Amphotericin B (AmB) in the transport properties of an organic cation
(LDS-698) across either POPG liposomes or sterol (either Ergosterol (Ergo) or Choles-
terol (Chol)) incorporated POPG liposomes have been studied by the interfacial selec-
tive SH spectroscopic technique. The transport of LDS* becomes faster at very low
AmB/Liposome (A/L) ratio whereas Ergo present in the bilayer. As increasing A/L ra-

tio, the average transport time constants (tay) Of the LDS* ion fall into two Kinetic re-

XV



gimes which observed for the different liposomes. In POPG-Ergo liposomes, the effect
of neutralizing either of the two charged functional groups of AmB reveals that interac-
tion of AmB with Ergo is primarily dependent upon the charged amino group present in
the mycosamine moiety of AmB. The spectral (absorption and fluorescence) properties
of AmB were also studied to supplement the results obtained from SH studies. In sum-
mary, at low A/L ratio (< 1), the membrane permeability of the POPG membrane were
observed to dependent upon the membrane composition or the pH of the medium,
whereas at higher A/L ratio (> 1) the permeability becomes similar for all the cases. The
spectroscopic properties of AmB with increasing A/L ratio suggest that the latter phe-
nomena may be due to the aggregated states of AmB in the bilayer which enhance the

bilayer permeability irrespective of the bilayer composition and solution pH.

In recent years the role of bile salts in colorectal cancer has been gaining importance. In
addition, it has been observed that for diseases associated with gastrointestinal tract, the
pH becomes slightly acidic. In this report we have investigated the pH dependent bile
acid — bile salt transformation on the integrity and permeability of POPG liposomes by
dynamic light scattering and the interfacial selective SH spectroscopic technique. Using
four different bile salts whose chemical properties vary widely we have observed that in
their neutral form (i.e bile acids) they are able to alter the POPG membrane properties
significantly higher compared to their ionic (i.e. bile salts) form. Our results indicate
that out of the four bile salts, Sodium Deoxycholate and Sodium Cholate have the po-
tential to damage membranes in the colon as their pKa is closer to the pH measured in
the gastrointestinal tract. Therefore, one of the pathways of bile salt induced cytotoxicity
in the gastrointestinal tract, may occur due to the potential membrane damaging action

of these bile salts at acidic pH.
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Chapter 1

Introduction

This chapter gives brief introduction to amphiphilic molecules and lipid membranes in-
teractions. The interaction of amphiphilic molecules (pluronic polymers, Amphotericin
B and bile salts) with membranes has been discussed in details. The fundamental theory
and working principals on an interfacial selective second harmonic (SH) spectroscopic
technique has been described briefly. The applications of SHG on the adsorption and the
transport of molecules across the lipid bilayer available in the literature have been in-

cluded.

1.1 Amphiphilic molecules-lipid membrane interactions

1.1.1 Bio-membranes

One of the most important constituent of a cell is its membrane which encompasses the
cell in three dimensions. Fundamental researches on the membrane (Bio-membranes)
have been carried out by different groups of basic sciences especially from biology, bio-
physics and biochemist background. The major constituents of bio-membranes are dif-
ferent type of lipid molecules which have either neutral or positively or negatively
charged head groups. These lipids are arranged in highly organized manner and they
also contain other molecules such as proteins, enzymes etc. embedded in the lipid ma-

trix [1,2].



1.1.2 Molecular transport

One of the most important function of the bio-membrane is to regulate the transport of
certain molecules [3]. In physiological state, the membrane permits crossing of sub-
stances that the cell requires and prevents the transport of those molecules that are harm-
ful to cell. It is therefore crucial to understand how the membrane acts as gate for certain
molecules. However, the biological membranes are structurally very complex, which
makes difficult to understand their properties and functions. Therefore, membranes
composed of pure lipids are used as model membranes which are popularly known as

liposomes [4,5].

1.1.3 Membranes and amphiphilic molecules-Interactions

The bilayer properties of liposomes have been extensively studied to understand the ef-
fect of the interactions between amphiphilic molecules and lipid membranes [6]. Am-
phiphilic molecules can be either hydrophobic or hydrophilic depending upon the physi-
cal and chemical state of its surroundings. The interaction of amphiphilic molecules
with membranes can have a significant effect on the physicochemical properties and
function of the membrane [7]. Recent reviews on amphiphilic molecules interaction
with lipid bilayers studied by computer simulation [8-11]. One of the most significant
outcome of this interaction is alteration of membrane permeability i.e., transport of the
molecules across a lipid bilayer. There are several molecular stimulation studies on the
permeability of the membranes to understand how the changes in transport properties of
bilayers take place upon interaction with different molecules [12]. In drug delivery sys-
tems, one of the most important processes is the interaction and then transport of drug

molecules across the lipid bilayer. The latter process is more complex in nature due to



dependency on several physical and chemical parameters [13]. For example, in transport
of the amphiphilic drug curcumin, from outer to inner lipid bilayer, the binding plays an
important role. The binding of the drug has been described by a two state model, and
depending upon the relative drug: lipid ratio, the membrane parameters were shown to
change considerably [14]. The amphiphilic drug, Chlorpromazine Hydrochloride (CBZ)
binds to phospholipid bilayers and then alters the molecular ordering of the phospholip-
ids [15]. The modification of the bilayer structure due to binding of CBZ was observed
to depend upon the nature of the phospholipid head groups [16]. The binding of several
cationic amphiphilic drugs with phospholipid vesicles has been investigated by the sur-
face plasmon resonance (SPR) spectroscopy. The SPR studies have demonstrated that
drug-membrane binding interactions are dependent on membrane fluidity [17]. Theoret-
ical studies like molecular dynamics (MD) simulations give better idea about local
properties i.e. orientation and molecular positioning of these drugs in the membranes
[18]. In this thesis, we have studied the membrane permeability of a negatively charged
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol),sodiumsalt (POPG) lipo-
somes in the presence of different types of amphiphilic molecules like pluronic polymer,
amphotericin B (an antibiotic), and bile salts. The membrane permeability was meas-
ured by monitoring the transport characteristics of LDS-698 (2-[4-[4-(dimethylamino)
phenyl]-1, 3-butadienyl]-1-ethylpyridinium monoperchlorate, (LDS")) across the bilayer
using second harmonic (SH) spectroscopic technique. In the next section we have de-

scribed how these amphiphilic molecules interact with liposomes.



1.2 Interactions of amphiphilic molecules with POPG liposomes.

1.2.1 Pluronic polymers

Pluronic polymers are amphiphilic triblock copolymers of type ABA (Figurel.1l). The
structural repeat unit of these polymers contains hydrophilic part Polyethylene Oxide
(PEO) and hydrophobic part Polypropylene Oxide (PPO). The hydrophilic parts are lo-
cated at the beginning and at end of the polymer while the hydrophobic part is located
middle of the polymer. The amphiphilic characteristic of these molecules depends upon
the relative chain length of the PEO and PPO groups [19,20]. These polymers are wide-
ly used in several industrial applications such as detergency, emulsification, forming,
and formulation of cosmetics. Apart from their industrial applications, these are also
used in medicines as biological response modifiers, drug delivery carriers, and ingredi-
ents in preparation of pharmaceuticals substances [21-24]. In addition, depending on
their hydrophilic-lipophilic balance (HLB) values, studies have shown that these poly-
mers can induce different effects in cell membrane [25,26]. The various physico-
chemical properties of amphiphilic pluronic polymers are presented in the table 1.1. In
order to understand their interactions with cell membranes, several studies have been
performed and summarized in recent reviews [27,28]. Pluronic polymers were observed
to enhance the translocation behaviour (flip-flop) in membranes [29]. They bind to the
membranes by incorporation of their hydrophobic units in the hydrophobic region of the
lipid bilayer. The driving forces for these types of interactions are favoured by the hy-
drophobicity and the volume of the hydrophobic unit of the polymer [29]. These poly-
mers were also observed to act as agents for drug penetration across biological mem-
branes [20]. It has been observed that they interact differently with normal and malig-

nant blood cells resulting in enhanced permeability of tumor cells [30]. The results of
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the isothermal titration calorimetry (ITC) and electron cryomicroscopy indicate that the
polymer insertion into lipid bilayer depend upon the phase structure of the lipid bilayer.
[31].

Figure 1.1: The chemical structure of pluronic triblock copolymers which contain two
hydrophilic ethylene oxide (EO) segments and a hydrophobic propylene oxide (PO)
segments. (Where m stands for the number of repeat units in the EO segment and n

corresponds to the number of repeat units in the PO segment of the polymer).

Table 1.1: The various physico-chemical properties of amphiphilic pluronic polymers

are tableted [29].

Copolymer ( trade name |Molecular Bre Log K, Vhydrophobic
in parentheses) |Weight
(uM) (Water/hexane) (nm?)
EO, PO,,EO, (L61) 2090 0.16 £0.01 |-0.24 £0.037 8.38
EO,; PO;,EO,;(L64) 2900 0.07+0.01 |-1.83+0.27 8.38
EO,, PO, EO,, (F68) 8400 0.01£0.05 |-3.5£0.53 8.38
EO, PO,,EO, (L8I) 2750 0.56 +£0.045 |-0.11 £ 0.02 11.2
EO,,PO,, EO,, (P85) 4500 022£006 |-265£04 11.2
EO,, PO,,EO, (F87) 7700 0.06 +0.01 |-3.19+0.48 11.2
EO,,PO,, EO,,(L101) 3800 1.35£0.13 |0.11 £0.017 16.4
EO;, PO4, EO;, (P105) 6500 021+003 |-26+04 15.6
EO,;, PO5,EO 5, (F108) 14600 0.11£0.02 |-3.65%0.54 13.9

In addition, the ITC studies have also indicated that the polymer insertion into fluid-
phase liposomes increases with temperature [32]. There were also several theoretical
studies to investigate the interactions of these polymers with membranes. Recent molec-
ular simulation study demonstrated that if the hydrophobic part of the polymer is com-

parable in length to the bilayer thickness, polymer will insert itself across the bilayer.



However, if the hydrophobic part of the polymer is shorter than the bilayer thickness, it
will insert into in the lipid bilayer partially [33]. In a recent Monte Carlo simulation
study, it was revealed that the length of the hydrophobic part of the polymer plays a cru-
cial role in governing the local permeability of the membrane [33]. The permeability
increases significantly when the polymer present in the bilayer as transmembrane state-
while the polymer present as the hairpin state, the permeability of the lipid bilayer re-
mains unaffected [34]. The results of atomistic molecular dynamics simulations have
shown that the interactions of polymer and lipid bilayer critically depend on the hydro-
philic/lipophilic balance of the polymer. The increase in polymer concentration initiates
pore formation in the lipid bilayer [35]. All of above studies reveal that pluronic poly-
mers interact with lipid membranes depending upon their structure, amphiphilic charac-
ter, the hydrophilic/lipophilic balance of the polymer, and the length of the hydrophobic
part of the polymer. Therefore, it would be interesting to explore the role of the length
of the hydrophobic part of the polymer on the interaction between pluronic polymers
and phospholipids membranes. The objective of first study is to investigate the role of
chain lengths of the hydrophobic and hydrophilic units of pluronic polymers on the

membrane permeability and bilayer mobility.

1.2.2 Amphotericin B

Amphotericin B (AmB) is an important antibiotic belonging to the class of polyene
macrolides. This was first isolated from fermenter cultures of Streptomycesnodosus
[36]. The preparation procedure of AmB was first described completely by Nicolaou et.
al. 1988 [37]. Although it has some issues as drug, still it is using for the treatment of
systemic fungal infections. There are several reviews which demonstrate that the mode

of action of AmB on biological membranes depends on the type of sterol present in



membranes [38-41]. It is a rod-shaped amphiphilic molecule which has several the hy-
drophilic groups on the one side of the macrolide ring, namely the seven hydroxyl
groups, carboxylic acid group, and the polar head mycosamine (Figure 1.2). The other
side of the ring is hydrophobic and rigid due to the seven conjugated double bond (hep-

tene) system [42].

Figure 1.2: Chemical structure of Amphotericn B.

In the last 30 years, there has been significant progress in understanding the interaction
of AmB with sterols in lipid membrane [43-46]. Sterols are necessary components of
biological membranes and the functions of sterols regulate the membrane fluidity in
membranes. In mammalian cells, the major membrane sterol is cholesterol (Chol)
whereas in fungal cell membranes egrosterol (Ergo) is the major membrane sterol. The
chemotherapeutic treatment of AmB, which is disruption of cell membrane activities,
has been postulated due to its higher affinity for ergosterol containing cell membranes
than for cholesterol containing cell membranes [47]. The surface pressure of the 1-
palmitoyl-2-oleoylphosphatidylcholine (POPC) monolayers prepared with either ergos-
terol or cholesterol when allowed to interact with AmB in the membranes are studied.
The results of study reveal that the surface pressure of POPC-ergosterol bilayer system
is more significantly varied when AmB in the POPC-ergosterol bilayer as compared to

the POPC and POPC-cholesterol bilayer [48]. The results of some studies indicate that



the antifungal activity of AmB is due to a change in the permeability of lipid membrane
which occurs due to formation of an ion-channel assembly in lipid membrane with help
of ergosterol [49]. These antibiotic/sterol channels are responsible for the transport of
ions, which causes disruption in the cell integrity and ultimately cell lysis [50]. Howev-
er, the results of recent findings reveal that the main cause for the antifungal activity of
AmB is its binding with Ergo in the membrane as compared to the channel formation.
This binding nature of AmB with Ergo inhibits essential physiological functions of Ergo
in the yeast [51,52]. The studies by M Murata and co-workers reveal that the mode of
molecular interactions of AmB-ergosterol in hydrated phospholipid bilayers is “head-to
tail” orientation confirmed by rotational echo double resonance (REDOR) spectra [53].
The observed side effects of AmB have been attributed to the interaction with cholester-
ol containing biological cell membranes [54]. All of above studies reveal that AmB in-
teract with lipid membranes depending upon membrane composition. Therefore, the ob-
jective of second study is to investigate the effect of AmB on the membrane permeabil-
ity of POPG liposomes as a function of membrane composition (the presence of either

ergosterol or cholesterol in the membrane) and the pH of the medium.

1.2.3 Bile salts

Bile salts (Figure 1.3) are amphiphiles secretion from cholesterol in the liver and stored
in the gallbladder. Bile salts are covalently linked to glycine and taurine as conjugated
bile acids and then excreted into the intestine. Bile acids participate in many physiologi-
cal functions such as cholesterol homeostasis, digestion and adsorption of fats, solubili-
sation of lipids in the gut and in bile [55]. They are several bile salts available in the gut
and in bile, in which some of listed here, sodium cholate (NaC), sodium deoxycholate

(NaDC), sodium glycodeoxycholate (NaGDC), and ursodeoxycholic acid (UDCA).



During the last few years, there has been considerable interest in the effect of bile salts
in the membrane systems [56]. The amphiphilic characteristics nature helps bile salts to
interact with biological membranes and this phenomenon disturb membrane integrity.
The membrane permeability might be changed by bile salts at below their critical micel-
lar concentration (CMC) values due to the formation of mixed micelles and cell swell-
ing. On the contrary, at concentration above their CMC, they interact with phospholip-

ids of cell membranes is main cause for a membranolytic effect [57].
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Figure 1.3: Chemical structure of bile salts shows the carbon atom numbering and

the functional groups.

The bile salts may alter the behaviour of cholesterol in model systems at below their
CMC values [58,59]. The passive movement of cholesterol in and out of the hepatocyte

membranes depends on the bile salts as a function of their relative hydrophobicity [60].



Low concentration of bile salts can be disrupted phospholipid bilayers containg choles-
terol. These results indicate that bile salts bind to membranes below their CMC and ini-
tiate by as yet unknown mechanism, and bile salts are transfer across the membrane
[61-63]. Differential scanning calorimetry (DSC) study has shown that induction of
membrane fluidity depends on the number and positioning of free hydroxyl groups on

bile acids [64].

The steady state and time resolved fluorescence spectroscopy studies of cationic ellipti-
cine drug with bile salts reveal that the binding capacity of cationic species to different
bile salts depend on the pKa of the corresponding bile acids. Concentration of bile salts
increases the hydrophobic interaction between bile salts and cationic species increases
due to formation of aggregates [65]. The interaction of bile acids, namely cytotoxic de-
oxycholic acid (DCA), and the cytoprotective ursodeoxycholicacid (UDCA) with model
membranes has been reported earlier. It was found that DCA causes the fluidization of
bilayers and UDCA helps a stabilization of membranes [66]. The recent study has
shown that upon interaction with bile salts, the bioavailability of Phenothiazine tranquil-
izer drugs increases in aqueous medium and thus bile salts can be useful for drug deliv-
ery agents for phenothiazine drugs [67]. The interaction of anti-cancer drug, berberine
chloride (BR) with bile salts aggregates of different hydrophobicity have been investi-
gated by the time-resolved fluorescence spectroscopy. These interactions are sensitive to
the structure and size of the bile salt aggregates [68]. The interaction of antipsychotic
drugs with bile salts has been studied by UV-Visible and steady state fluorescence spec-
troscopy. The observed results shown that the extent of interaction between drug mole-
cules and bile salts is dependent on hydrophobic nature of bile salts [69]. The studies of

steady-state and time-resolved fluorescence of 1-naphthol indicate that monomeric bile
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salt molecule (at very low concentration, 1 mM) induces appreciable wetting in the lipid
bilayer [70]. All of above studies reveal that bile salts interact with lipid membranes de-
pending upon their structure, hydrophobic nature and the pKa of the corresponding of
bile salts. Therefore, it would be interesting to explore the role of pH on the interaction
between bile salts and phospholipids membranes as well as the role of the bile acid —

bile salt transformation in the cytotoxic effects of bile salts.

1.3 Interfaces

In the physical science, an interface is defined as “the boundary between two different
regions occupied by different matter, or by matter which has different physical states”.
Many biological, chemical, and physical phenomena occur at surfaces and interfaces.
The study of surfaces and interfaces are important due to several phenomena which oc-
cur at the surfaces/interfaces such as molecular adsorption and transport, energy trans-
fer, charge transfer, and several chemical reactions. These dynamic processes play a
significant role in basic sciences, environmental sciences, medical field, and technology
[71,72]. Generally, the bulk media experience by symmetrical environment but interfac-
es experience by asymmetrical environment. The latter is main cause for the chemical,
physical, and biological properties that take place in the interface. So many bulk proper-
ties e.g. physical, chemical changes, charge and energy relaxation etc. are significantly
altered at the interface. To study the properties of interface, require high intense electric
filed. After invention of the optical high intensity laser in 1961, it has become easier to
generate high intense electric field of radiation which is useful for development of the
nonlinear spectroscopic techniques. Second harmonic generation (SHG) and sum fre-
quency generation (SFG) are the powerful techniques often used to study of surfaces

and interfaces [72,73,74-81,82-91]. The first optical second harmonic generation is ob-
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served from the non-centrosymmetric quartz crystal [92]. The SHG signal is generated
from the centrosymmetric calcite crystal also [93]. Both SHG and SFG are forbidden
process in centrosymmetric media and isotropic environments due to electric dipole ap-
proximations [71,72,75,78,79,81]. The coherent optical SHG or SFG signals are not
generated by the bulk liquids, gases and amorphous and centrosymmetric crystalline sol-
ids due to symmetry reasons. However, the interfaces are asymmetric in nature where
inversion symmetry is no longer conserved. Thus the coherent SHG signal can be gen-
erated at interfaces. The Figure 1.4 describes schematic energy level diagram of SHG.

The solid and the dashed lines represent the ground and virtual energy states respective-

ly [94].

. w,+
(i) --g------- e

@) v

Figure 1.4: Energy-level diagram describing the SHG process. The electronic energy
states (g) and (f) represents the atomic ground state and excited state respectively and

(i) represents the virtual state. For SHG, w1 = w;.
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1.3.1 Theory of second harmonic generation

1.3.1.1 Symmetry criteria for SHG

Generally, polarization of the medium interacts with the electromagnetic radiation and

can be expressed as a power series [94]

P@)=xWE,®+xPE, ()E, ® +x®E, (O E, (t) E, ()+... (1.1)

P(t) = PO@) 4+ PA(t) + PG (p) (1.2)
where, y @ is the linear susceptibility, y @, ¥ @ are the second and third order nonlinear
susceptibility respectively etc. Eo (t) is the incident electric field of the frequency of .
The weak electric field of light interacts with matter followed by linear process, in this
phenomenon, the induced polarization P (t) is proportional to linearly with strength of
applied electric field.

P(t) = xWE,(t) (1.3)
where, ¥ () is the linear susceptibility and E., (t) is the incident electric field of the light.
When high intense electric field of radiation is available for interact with the medium,
higher order polarization terms are introduced to the linear polarization. Here, higher
order polarization terms are nonlinear in nature, like, second harmonic generation, third
order harmonic generation, become more observable.

The induced second order polarization P @ (t) term is expressed as [95-98].

PA) = xPE,(E, () (1.4)
where, Eo, (t) is incident electric field and y @ is second order nonlinear susceptibility of
the medium. We know that both the parameters i.e. the electric field of radiation and the
induced polarization are vector quantities. Therefore, p @ (t) and E., (t) can be expressed

as vectors and the second order nonlinear susceptibility become a tensor.
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PA(e) = Z X B EL(OEE® (1.5)
Jjk

where, i, |, k are the three normal Cartesian coordinates of laboratory system respective-
ly.

In the polarization equation, even order terms are sensitive to the symmetry of the me-
dium. It means that second harmonic generation is affected by centrosymmetric nature
of the medium due to the induced polarization and the incident electric field of radia-
tion. If inversion symmetry operation is performed on the nonlinear medium, the sign as
well as magnitude of the second order polarization (P @ (t)) and the electric field of light
(E.) are changed but the second order susceptibility (y ) will remain same by sign and
magnitude.

—PA) = ¥ (~E,®))(~E.(®)) (1.6)
By combing equation 1.4 and 1.6, we get the final result as -x® = ® , which practically
is not possible unless ¥ = 0. It indicates that centrosymmetric media x® vanishes and
in a centrosymmetric media, the second harmonic generation is not allowed. The inver-
sion symmetry is no longer conserved at an interface, upon performing inversion sym-
metry operation at interfaces, P @ (t) is not necessarily equal to -P @ (t). Therefore, y @
is not equal to zero at interfaces. The conclusion derived from above equations, is that
SHG is allowed at interfaces. The unique characteristic of SHG is the nonlinear surface

specific technique for the study of interfaces.

The bulk centrosymmetric systems do not contribute to coherent SHG due to symmetry
reasons. We prove here a molecular point of view. Let us assume two similar neighbour-
ing molecules present in bulk media which are oppositely oriented with respect to centre

of symmetry. If the incident electric field of frequency (w) interacts with oppositely ori-
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ented molecules in bulk media, it produces induced polarizations which will be opposite
phase with respect to each other. The distance between opposite phase is much less than
compared to the coherence length of the process and thus will cancel each other. There-
fore, the contributions of the net second order polarization become zero and the mole-
cules present in bulk media do not produce coherent SHG or SFG signal. It is pertinent
to note that the centrosymmetric bulk media generates incoherent second order light
scattering called as hyper-Rayleigh scattering (HRS). This phenomenon arises by the
fluctuations in orientation of molecules and molecular density in the isotropic bulk solu-
tions, which disrupt the phase cancellation. The bulk HRS generated by centrosymmet-

ric media has been reported [99,100].

1.3.1.2 The generation of SHG by microscopic centrosymmetric mole-

cules

The SHG is allowed process in the non-centrosymmetric media, however, surfaces and
interfaces which are the lack of inversion of symmetry systems, through the electric di-
pole approximation [72,101,102]. Bulk liquids are centrosymmetric systems, in which
SHG thought to be forbidden process but Eisenthal and co-workers first demonstrated
that SHG can be generated when molecules adsorbed at the surface of spherical centro-
symmetric molecules [103]. The generation of SHG from centrosymmetric medium can
be explained by a bare microsphere of diameter L (Figure 1.5). The adsorbed molecules
on the opposite position of the microscopic particle surface oriented oppositely and the
oppositely oriented surface structures generated second harmonic (SH) electric field will
have opposite phases. The net SH field produced by a pair of oppositely oriented surface

structures is
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Ezo % FPEE, (1 — e 19KT) (1.7)
where, B @ is the second order polarizability of the microsphere, L is the diameter of the
microsphere and Ak is scattering vector.

Ak derived by the equation is
Ak = Ky, — 2k, (1.8)

where, ka2 and ke are the light propagation vectors for the second harmonic light at 2®
and the fundamental light © respectively.
The amplitude of the scattering vector is expressed as

_A4n(n,—-n,,) 4zAn

Ak 1.9
ﬂ(t) ﬁ’a) ( )
A)
E,,= 0
E,
B) L~
3 AN~
E, 7 0
E

Figure 1.5: A schematic illustration of SHG how SH signal generates from molecules

adsorbed at surface of centrosymmetric particles.
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Case A: the distance between the two oppositely oriented surface structures (L) is much
less than the wavelength of the incident light (Case A: Figure 1.5), then (AkxL) << A the
net E2>» should be zero. Case B: the distance between the two oppositely oriented surface
structures (L) is comparable to wavelength of the incident light (Case B: Figure 1.5),
then (AkxL) = A, the net E2e should not be zero. The generated SH electric field signal
depend upon the particle size as well as the wavelength of fundamental light. When
(AkxL) = &t the net E2» will be maximum.

Second harmonic generation from individual, isolated large non centrosymmetric mole-
cules suspended in bulk solution [104]. In addition to semiconductor quantum dots and

metallic crystals also generate SHG, due to their non-centrosymmetric structure [105].

1.4 SHG: A spectroscopic tool to monitor transport of molecules across

a lipid bilayer

1.4.1 Molecules transport across a membrane

A primary role of biological membranes is the passage of chemical species into and out
of cells as well as regulates the cell integrity [106]. The fundamental structure of bio-
membrane is a bilayer. The main building blocks of bio--membranes are lipids. The bi-
layers are made up of two monolayers which formed by a polar hydrophilic head group
attached to two non-polar hydrophobic fatty acid tails. The lipid molecules exposed to
polar environment, themselves are orientated as a spherical shape. Phospholipid mole-
cules self-assembling into bilayer structure are called as liposomes [107,108]. The polar
head groups of liposomes are exposed to aqueous environment and non-poplar carbon
chains face to the hydrophobic environment. The structure of liposomes resemble to

biological membrane bilayer which are often used as model membrane systems for
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transport of molecules across lipid bilayer. Generally, the structure of liposome is spher-
ical and centro symmetric in nature. The adsorption and transport of molecules across
lipid bilayers have been investigated by various spectroscopic techniques like electron
paramagnetic resonance (EPR) [109,110], nuclear magnetic resonance (NMR) [111-
116], absorption [117,118] and fluorescence spectroscopy [119-126]. The advantage of
the SHG technique over other conventional techniques is that SHG is sensitive to mole-

cules that are located in the bilayer region.

1.4.2 The working principle of SHG for membrane transport

The SHG technique has been developed to monitor molecules transport across the bi-
layer in the real time. The SHG technique is extensively used by Eisenthal and co-
workers using malachite cation (MG) to study the transport across a negatively charged
bilayer of DOPG liposome [127]. The basic idea of the technique is based on molecules
adsorbed on the outer surface of a liposome. The molecules are oriented in the preferred
way in the interfacial region. With the progress in time, molecules cross the lipid span
and are adsorbed on the inner surface of the liposome. These molecules will have oppo-
site orientation with respect to molecules adsorbed on the outer surface of a liposome
due to symmetry considerations. The working principle of SHG described below in the

details manner.

The primary consideration of SHG is the molecule of interest should have a reasonable
hyperpolarizability at the excitation wavelength. The excitation source for SHG studies
is the quasi-CW output of a Ti-sapphire (Coherent Mira) laser pumped by Nd-YAG
(532 nm, Coherent Verdi 5W) laser. The dipole moment increased significantly when

molecules are excited from ground state to higher excited states. This type of phenome-
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na is generally observed in the dye molecules due to extended electronic de-
localizations. In addition, the necessary and sufficient condition for resonance enhance-
ment of the SHG process is that the molecule of interest should have sufficient absorp-
tion at the SH wavelength of a Ti-sapphire laser. Finally, molecules should have a sig-
nificant amphiphilic character, so that molecules are fairly distributed in the hydrophilic
and hydrophobic environment and molecules can transport across lipid bilayer. The
transport of molecules across the bilayer can be monitored by SHG process in real time
is briefly described as follows. In our experiments, spherical shaped liposomes are used
as model membranes to study the transport of the molecules because the size of lipo-
somes is of the order of the wavelength of the incident radiation (~800 nm). Initially an
aqueous liposomes solution is added in cuvette containing SH probe molecule followed
by rapid mixing. Initially, the SH probe molecules are adsorbed on the outer surface of
the liposome, which generate SH electric field due to in phase and will add up coherent-
ly (Figure 1.6). As time progress, the SH probe molecules pass through the bilayer and
then get adsorbed to inner surface of liposomes oppositely oriented with respect to ori-
entation at the outer surface. The oppositely oriented molecules are separated by the bi-
layer thickness (~5 nm) which is smaller than the coherence length of the SHG process,
(typically about 1.0 nm). The SH electric field generated by oppositely oriented mole-
cules will be out of phase and cancel each other. In contrast, molecules which are pre-
sent in bulk aqueous solution cannot contribute to coherent SH signal because of ran-
domly orientation but they can generate incoherent SH signal called as hyper-Rayleigh
scattering (HRS) as discussed earlier. It is pertinent to note that the higher magnitude of
the SH signal generated when molecules adsorbed on the outer surface of the liposome
compared to the incoherent HRS generated from molecules present in the bulk aqueous

medium. Therefore, the SHG technique can be used for monitoring transport process in
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real time. From the measured SHG signal, 2., the second harmonicfield, Ez, is calcu-

lated as follows:

EZa) (t) = \/Idye+liposome(t) - Ibackground (1-10)

where, l2w)dye+iposome (t) represents the total SH signal detected at 2w after addition of the
liposome solution into the SH probe solution at time t and 1l 2w) Backeround 1S the back-
ground SH signal coming from the SH probe molecules that remain in the bulk medium
(HRS). Addition of the liposome solution to the dye solution (or vice-versa), generate
the second harmonic electric field (Ex) which is proportional to the second order sus-
ceptibility (x @). This provides information of the finite population difference between
the adsorbed SH probe molecules on the outer and inner surface of the liposome bilayer
at time t. Here, Ny (t) is the population of adsorbed molecules on outer surface at time t
and N; (t) is the population of adsorbed molecules on inner surface at time t

EZw x [No (t) - Ni(t)]EwEw (1-11)

Generally, the measured experimental data can be converted to the SH electric field and

is fitted to exponential decay functions per following equation.

n

Eyo(t) = Ag + z a; exp(t/z,) (1.12)

i=1
It is pertinent to note that when equilibrium condition is attained, there was no changes
in the SH electric field (E2.) with time. It means the transport process might be finished.
The observed SH electric field (Ez») decay is parallel to the x-axes but the SH electric
field signal does not approach zero. It indicates that the term Ao in equation 1.12. The

(N in/ N out) ratio can be obtained by the term (1-Ao).
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Figure 1.6: Schematic illustration of SHG to monitor molecules transport across the
bilayer in the real time. At t = 0, the adsorption of SH probe molecules on the outer
surface which generates a non-zero coherent SH signal. At time t > 0, as time
progress, the SH probe molecules pass through the bilayer and then get adsorbed to
inner surface of liposomes oppositely oriented with respect to orientation at the outer
surface. The SH electric field generated by oppositely oriented molecules will be out

of phase and cancel each other.

1.4.3 The membrane transport studies by SHG

Eisenthal and co-workers demonstrated a new method of second harmonic generation to
monitor the transport of the positively charged malachite green (MG) cation across a

negatively charged liposome in aqueous medium [127]. Several studies on surfaces and
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interfaces have been reported by Eisenthal and co-workers using second harmonic gen-
eration spectroscopy. The effect of cholesterol on the molecular transport of MG cation
across the unilamellar dioleolyphosphatidylglycerol (DOPG) liposomes membrane per-
meability is studied [128]. The results indicate that the transport rate of MG cation
across bilayer decreases by six times when liposome contains 50 mol % cholesterol
compared to cholesterol free liposomes. It means that cholesterol retards the rate of
transport of MG cation across liposome bilayers due to enhancement in bilayer rigidity
[128]. The SHG technique can successfully measure the surface potential and surface
charge density of DOPG liposomes. The surface potential measured by SHG technique
is dependent on the valence and concentration of the electrolyte. The charge density is
found to be 1.3x10' per cm?, which is equal to 70 A2 per charge and this is in well
agreement to the area of a phospholipid head group [129]. Eisenthal and co-workers
have studied the effect of bilayer surface charge density on the adsorption and the
transport kinetics of MG cation across liposomes of different lipid compositions by
SHG technique in real time. The results show that the adsorption of MG cation onto the
outer surface of bilayer and the transport rate of MG cation across the lipid bilayer in-
crease linearly with the fraction of negatively charged lipids groups in the bilayer. The
adsorption process is initiated by electrostatic interaction between the MG molecules on
the outer surface of negatively charged bilayer. The potential gradient between the outer
and inner bilayer is the driving force for the transport of MG molecules across the bi-
layer [130]. The transport rate of MG cation across DOPG liposomes have been studied
by SHG technique in presence of different electrolytes used as counterions. The
transport rate of MG cation across the DOPG liposome is independent up to 1 mM con-
centration of counterion, however, the transport rate becomes very much dependent at

higher concentration of counterion [131]. Eisenthal’s group also investigated the effect
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of three different types of ionophores on the transport of MG across a lipid bilayer.
These ionophores include are valinomycin (VAL) and gramicidin A (gA). The effect of
these ionophores on the transport of MG and the extended transport of MG across a bi-

layer depends on their individual transport mechanisms [132,133].

So far, synthetic membrane systems are only used for the studies on the adsorption and
the transport of the molecules across the bilayer by the SHG technique. Dai and co-
workers used SHG technique to study the adsorption and transport of the MG ion across
the living Escherichia coli membrane in real time. At low concentration of MG ion, the
SH intensity of the MG ion is fitted with a multi process kinetic model which reveals
that the transport of the MG ion across the outer membrane of the Gram-negative bacte-
ria of Escherichi coli is much faster than through the cytoplasmic membrane [134]. In
addition to all these works, uptake of small molecule into living Escherichi coli mem-
branes and the transport of molecular ions (MG ion) across Escherichi coli bacteria
membranes are also studied by two complementary techniques namely optical transmis-
sion microscopy (TM) and second-harmonic light scattering (SHS). Uptake and the
transport measurements are carried out independently by individual technique [135].
The SHS results provide sequential differentiation of the molecular (MG ion) density at
membrane surfaces. The transport rate constants of MG ion can be estimated by simul-
taneous global analysis of the TM and SHS data for all the traversed cellular barriers
[136]. They have also investigated the adsorption and the kinetics of the hydrophobic
molecules (MG cation and neutral bromocresol purple (BCP) molecule) across negative-
ly charged murine erythroleukemia (MEL) cells by time and wavelength resolved SHS.
The results have shown that the only MG ions adsorbs onto the surface of the MEL cell

due to electrostatic interaction between the positively charged MG ion and the negative
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charged MEL cell but it is not observed in case of BCP [135]. There are numerous stud-
ies available in literature on the interaction of MG cation and bio molecules with the

living Escherichia coli membrane in real time using SHS technique [137-139].

Recently, Das and co-workers have reported several studies on the adsorption and
transport of LDS" across lipid bilayer by second harmonic spectroscopy [140]. The
transports of the photosensitizer Cpe across the egg PC lipid bilayer have been studied
by SHG technique at different pH range. There are three ionizable carboxylic acid
groups present in Cps Which can exist in different ionic forms at different pH of the me-
dium. At low pH, Cps exhibits strong interaction with liposomes and this is attributed to
the hydrophobic character of the Cpe. As the pH increases, the interaction with the like
charged liposomes becomes weaker due to the abundance of the negatively charged hy-
drophilic species of the Cp6. The effect of the bilayer rigidity by the lowering tempera-
ture of the medium or by incorporating 50 mol % cholesterol in the lipid bilayer on
transport of molecules also are studied. The obtained results show that lowering of tem-
perature has more profound effect on the transport rates [140]. The effect of the lipo-
philic drug curcumin on the diffusion kinetics of LDS* ion across lipid bilayer has been
studied in real time by the surface specific SHG technique. The transport time constants
of LDS* have been found to be faster by ~56 times in presence liposomal curcumin
(with the mole ratio of the curcumin/lipid of 0.2). The effect of curcumin is greater than
the bilayer rigidity increased by any means on the trasport process. The results show
that enhancement in transport of LDS* may depend on the interaction of the lipophilic
molecule with the polar head group region of the lipid [141]. Das and co-workers also
investigated how the curcumin partitioning affects the bilayer permeability during the

adsorption and transport of the LDS* across a negatively charged POPG bilayer using
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the nonlinear second harmonic (SH) spectroscopic technique [142]. The fractional in-
crease in the SH electric field (E',,) is observed upon addition of the curcumin to LDS*
containing liposomes solution. The observed results show that the neutral form of cur-
cumin is more effective in increasing (Ef,) of LDS* compared to the anionic form of
curcumin [142]. Das and co-workers also studied the adsorption and the transport of
LDS™ ion across liposome bilayer followed by the curcumin addition using the interfa-
cial selective second harmonic (SH) spectroscopic technique. The results explained how
the curcumin altered bilayer properties. Curcumin induced changes in the SH electric
field signal of the LDS" ions (Ex, (LDSY)) is studied for two different cases in which
liposomes are prepared by either only POPG or only DPPG lipids and the obtained re-
sults are distinctly different. In case, liposomes are prepared by different composition
ratio of the POPG and DPPG lipids, the kinetics of LDS* upon curcumin addition is
found to exhibit a mixture of the individual kinetics characteristic. The results are ex-
plained on the basis of the relative strength of the Na*™-POPG and Na*-DPPG interac-
tion. Higher ordering of the lipid acyl chain in DPPG liposomes makes the Na*-DPPG
interaction much stronger than the Na*-POPG interaction. The temperature dependent
kinetic characteristics of the E», (LDS*) signal following curcumin addition is further
studied using liposomes prepared by POPG-DPPG lipids at low temperature. The results
explained that individual domains of POPG and DPPG lipids exist at low temperature.
The formation these domains are dependent on the degree of the saturation/unsaturation
(S/U) ratio of lipid chains and phase state of the bilayer. The effect of gel phase is more

conducive for individual domain formation. [143].

1.5 Objectives and Scope of thesis

The organization of the remaining chapters of this thesis is as follows:
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Chapter 2 describes details of the chemicals, methods and techniques used in the present
thesis. Details of preparation method of liposomes and their characterizations have been
described. This chapter also covers the details of various spectroscopic techniques (ab-
sorption, fluorescence and light scattering spectroscopy) used for the work described in
this thesis. Finally, the experimental setup of SH spectroscopy used for measurements of
the adsorption and the molecular transport across lipid bilayer in real time has been de-
scribed in detail.

In chapter 3, the effect of lengths of the hydrophobic PO units and hydrophilic EO units
of pluronic polymers on the bilayer permeability of the negatively charged 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), sodium salt (POPG) liposomes by the
interfacial selective second harmonic (SH) spectroscopic technique has been described.
In chapter 4, the effect of Amphotericin B (AmB) on the transport properties of an or-
ganic cation (LDS-698) across either ergosterol incorporated POPG liposomes or cho-
lesterol incorporated POPG liposomes have been investigated by monitoring the bilayer
transport of the LDS* ion using the interfacial selective second harmonic spectroscopy.
And also the spectroscopic properties (absorption and fluorescence) of the antibiotic in
the POPG bilayer have been studied.

In chapter 5, the pH dependent affect of four bile salts (sodium cholate (NaC), sodium
deoxycholate (NaDC), sodium glycodeoxycholate (NaGDC), and ursodeoxycholic acid
(UDCA)) on the integrity and permeability of POPG liposomes have been investigated
by dynamic light scattering (DLS) and interfacial second harmonic (SH) spectroscopic
techniques.

Finally, in Chapter 6 a summary of the major observations is presented. A brief outline

of future scopes that may evolve from the thesis is also provided.
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Chapter 2

Materials & Methods

This chapter provides details of the chemicals, methods and techniques used in the vari-
ous studies. Methods for preparation of liposomes and their characterization based on
size and zeta potential are described. This is followed by description of absorption, fluo-
rescence and light scattering spectroscopy techniques used to probe interaction of se-
lected amphipihlic molecules (Pluronic polymers, Amphotericin B and bile salts) with
liposomes. Finally, the experimental setup and procedure used to study of the adsorption
and molecular transport of drug/substrate molecules across a lipid bilayer in real time by

second harmonic (SH) spectroscopy is described in detail.
2.1 Materials

The lipid, polymers, and other reagents used in various studies are as follows. Sodium
salt of L-a Phosphatidyl DL-Glycerol, POPG (Avanti Polar Lipid Inc. U.S.A), three plu-
ronic polymers F-127, L-61, and F-68 (Sigma, U.S.A.), amphotericin B (Sigma,
U.S.A.), the two sterols Ergosterol (Alfa Aesar, U.S.A.), Cholesterol (Titan Biotech lim-
ited, India) and four bile salts Sodium Cholate (NaC), Sodium Deoxycholate (NaDC),
Sodium Glycodeoxycholate (NaGDC) and Ursodeoxycholic acid (UDCA) (Sigma,
U.S.A.) were purchased and used as received. LDS-698 (Exciton, U.S.A.), the probe for
SH spectroscopy was a gift from Prof. N. Sarkar (11T Kharagpur, India) and used as re-

ceived.
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2.2 Preparation of liposomes

2.2.1 Thin film method

Biomimetic liposomes are self-assembled vesicles of natural or synthetic lipid mole-
cules, which consist of an aqueous core entrapped by one or more lipid bilayers[144—
146] . In the present study, various types of liposomes are prepared using POPG phos-
pholipids. The chemical structure of POPG phospholipids is shown in Figure 2.1. The

schematic diagram of liposome is shown in figure 2.2. The method used for preparation

of these liposomes is described below in detail.

Figure 2.2: Schematic diagram of a liposome

The stock solution of POPG (0.1 M) is prepared in chloroform. To prepare liposomes by
thin film method, 200 pL POPG solution in chloroform is taken in a 50 mL round bot-

tom flask and the solvent is evaporated completely under reduced pressure in a rotary
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evaporator at 40 rpm for overnight to make a thin film of lipid. The dry thin film of lipid
is hydrated by adding appropriate buffer solution of desired pH. The liposomes suspen-
sion is then vortexed for 10 minutes to produce unilamellar liposomes [147]. The freshly
prepared liposomes suspension is passed 10-15 times through cellulose-acetate mem-
brane filters (pore size 0.45 um and 0.20 um) to minimize the polydispersity of lipo-
somes suspension. The prepared liposomes are transferred in clean glass bottles and
stored at 4 °C. The liposomes are used within a week of preparation. The final concen-
tration of lipid in the liposomes prepared by thin film method is ~2 mM.

Calculation of liposome concentration:

The number of lipids in a spherical uni-lamellar liposome, Niwt, can be estimated as

[148].
Nior = (ﬂ/aL)[dz — (d - 2t)?] (2.1)

where t is the bilayer thickness, d is the hydrodynamic diameter, and a. is the average
head group area per lipid. The bilayer thickness and average head group area of a POPG
lipid is taken as 36 A and 63 A? respectively [149]. Liposome concentration in solution
is calculated by dividing the lipid concentration by Niot.

Nior= (1/63) X [200? - (200 — 2*3.6)?] or 141 lipid molecules

Assuming a ~200 nm diameter POPG liposome, for 50 uM lipid, the liposome concen-

tration is calculated to be ~ 350 nano Molar.

2.2.1.1 Preparation of pluronic polymer containing POPG liposomes

Liposomes containing various polymers (F-127, F-68 and L61) are prepared by two
methods [150]. In the first method, required amount of the respective polymer is added

to pre-formed liposomes, followed by incubation at room temperature for 1 hr. This in-
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cubation time is chosen to ensure sufficient interaction between the polymer and the lip-
osome. This interaction leads to insertion of the hydrophobic part (PO unit) of the pol-
ymer inside the bilayer while the hydrophilic parts (EO unit) remains outside the bilayer
facing the solvent. Liposomes prepared in this manner are referred as polymer incubated
liposomes [32,151]. In the second method, the required amount of the respective poly-
mer is added directly to lipid thin film and then liposomes are prepared as described sec-
tion 2.2.1. Liposomes prepared by this manner are referred as polymer incorporated lip-
osomes. Addition of pluronic polymers during the preparation of liposomes ensures that

the hydrophobic propylene oxide (PO) units of the polymer span the bilayer [152].

2.2.1.2 Preparation of sterol incorporated POPG liposomes

Ergosterol or Cholesterol incorporated POPG liposomes are prepared as follows. The
stock solutions of ergosterol (0.1 M), cholesterol (0.1 M) and POPG (0.1 M) are pre-
pared in chloroform. An aliquot of POPG solution (14 mL) is thoroughly mixed with 6
mL of either 0.1 M ergosterol or cholesterol. The solvent is evaporated completely un-
der reduced pressure using the rotary evaporator. The dry lipid film is hydrated by add-
ing appropriate buffer solution of desired pH. Subsequently liposome suspension is
passed through cellulose-acetate membrane filters (0.45 um and 0.20 um) for 10-15
times to produce unilamellar POPG liposomes containing 30 mol % of either ergosterol

or cholesterol.

2.2.1.3 Preparation of bile salts incubated POPG liposomes

Bile salts incubated POPG liposomes are prepared as follows. The stock solution of
each bile salt (100 mM) is prepared in phosphate buffer pH 7.4. The stock solution of

POPG (0.1 M) is prepared in chloroform. POPG liposomes are prepared fresh as de-
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scribed in section 2.2.1. An aliquot of bile salt solution is added to pre-formed POPG
liposomes followed by incubation at room temperature for 1 hr to ensure sufficient in-

teraction time between the bile salts and the liposomes.
2.3 Characterization of liposomes

The prepared liposomes are characterized by size and zeta potential measurements using

a Brookhaven 90 Plus size and zeta potential analyzer.
2.3.1 Measurement of the size of liposomes

Dynamic light scattering (DLS) also known as photon correlation spectroscopy (PCS)
which is mostly used a noninvasive technique for measurement of the size and zeta po-
tential of particles in suspension. The hydrodynamic radius and polydispersity index are
calculated by DLS technique. The fundamental light source is 635 nm wavelength of
solid state diode laser. The light passed through liposomes and scattered light from sam-
ple is collected at the right angle with respect to the incident light. The principle of
technique is particles bombardment with surrounding molecules move randomly in sus-
pension then particles in suspension undergoing Brownian motion. The speed of parti-
cles (translational diffusion coefficient, D) is calculated using the Stokes-Einstein equa-
tion.

kT
~ 6mnRy

(2.2)

T

where, p; represents the translational diffusion coefficient, kg is the Boltzmann con-
stant, T is absolute temperature in Kelvin, n is the viscosity of the solvent and R, is the

hydrodynamics radius of the liposome.
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From the Stokes-Einstein equation, the translational diffusion coefficient (D) of lipo-
some correlated to the hydrodynamic radius of liposome which can be converted into
size of liposome. The particle size depends upon the time dependent fluctuations in the
intensity of the scattered light [153]. It means that large size of particles diffuse slower
than small size particles. The measurements of the particle size measure in the range ~1

nm to ~6 um with precision of 1%.

2.3.2 Measurement of zeta potential of liposomes

The zeta potential is the electric potential difference developed at the interface between
a solid surface and its liquid medium. The magnitude of the zeta potential gives
knowledge of the potential stability of the colloidal system. Higher value of zeta poten-
tial is considered as an indication of more stable colloidal system. The zeta potential is a
quantity (expressed in mV) calculated from the electrophoretic mobility of the micro
particle travel under an applied field [154]. Zeta potential directly cannot be measured.
It is estimated experimentally by using some theoretical models, based on electrophoret-
ic mobility. When an electric field is applied across a sample of liposome solution, the
charge on liposome attracts towards opposite charge of the electrode. Simultaneously
the viscous forces acting on the liposomes tend to oppose this movement. The constant
speed of liposomes is attained due to once equilibrium between these two opposing
forces. The velocity of the particle depends on the parameters such as the strength of
electric field, the dielectric constant of the medium, and the viscosity of the medium.
The velocity of the particle in a unit electric field is referred as its electrophoretic mobil-
ity. The zeta potential is correlated to the electrophoretic mobility which is derived by

the Henry’s equation (2. 2) using some approximations [155].
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where, Uk is the electrophoretic mobility, z is the zeta potential, € dielectric constant, 7

is the viscosity and f (ka) is the Henry’s function. The zeta potential of suspension was

_2€zf (ka)

E

3n

measured from -150 mV to +150 mV (accuracy + 2 mV).

Table 2.1: Size and zeta potential of POPG liposomes either incorporated or

incubated with pluronic polymers and plain POPG liposomes at pH 7.4

Liposome system Effective diameter Zeta potential Polydispersity
(nm) (mV)

POPG only 185 20 78413 0.156 % 0.009
(incorporated)
ITOPG+ 0.5 nM F-127 190 < 18 84+ 17 0.174 £ 0.007
(incubated)
POPG+ 1 uM L-61
(incorporated) 19522 el 0171+ 0.008
POPG+ 1 uM L-61 194+ 19 84412 0.189 + 0.006
(incubated)
POPG+ 5 uM F-68 198 + 25 96+ 20 0.165 % 0.009
(incorporated)
POPG+ 5 uM F-68
(incubated) 193+ 17 75+ 10 0.185 + 0.008

For studies carried out in Chapter 3, unilamellar POPG liposomes containing various
pluronic polymers are used. The size, polydispersity and zeta potential of the plain lipo-

somes and liposomes either incorporated or incubated with different pluronic polymers

are given in Table 2.1

For studies carried out in Chapter 4, ergosterol and cholesterol incorporated unilamellar

POPG liposomes are used. The size, polydispersity and zeta potential of the sterols con-

taining POPG liposomes at different pH is given in Table 2.2.
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Table 2.2: Size and zeta potential of POPG liposomes ergosterol and cholesterol

incorporated POPG liposomes and plain POPG liposomes at different pH.

Liposome system pH Effective diameter Zeta potential Polydispersity
(nm) (mV)

POPG only 74 178 +21 90 + 10 0.135 = 0.008
POPG-Ergosterol 74 184+ 18 -89+ 12 0.147 £ 0.006
POPG-Cholesterol 74 177 <23 84411 0.171 + 0.008
POPG only 45 172+ 26 86415 0.133 = 0.009
POPG-Ergosterol 45 181 +22 6+ 12 0.145 £ 0.007
POPG-Cholesterol 4.5 176 £ 26 -74+ 16 0.134 + 0.008
POFPG only 11.0 175 =23 93+18 0.151 = 0.007
POPG-Ergosterol 11.0 179 = 16 88414 0.142 + 0.008
POPG-Cholesterol 1, 172419 90+ 11 0.157 £ 0.007

For studies carried out in Chapter 5, unilamellar POPG liposomes incubated with four
different bile salts are used.The size, polydispersity and zeta potential of POPG lipo-
somes incubated with four different bile salts at two different pH is given in Table 2.3:
The pH selected corresponds to pKa of individual bile salt where first pH = pK, + 1 and
second pH = pKj, -1. The final concentration of both POPG and bile salt in liposomes is

lipid 50 pM.
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Table 2.3: Size and zeta potential of POPG liposomes incubated with four different

bile salts at two different pH.

Zet tential
Liposome system pH Size (nm) ¢ta potentia Polydispersity
(mV)
POPG Only pH:4-8 180 + 20 -84+ 10t0-90+ 10 | 0.146 +0.008
pKa-1 185+ 17 -83+ 15 0.150 = 0.009
POPG + NaC
pKa+1 20811 -78+ 17 0.166 £ 0.008
Ka-1 179+ 18 -80+19 0.159 £ 0.007
POPG + NaDC i
pKa+1 207+ 15 -69+ 15 0.160 +0.008
POPG + NaGDC pKa-1 162+ 20 93411 0.172 £0.009
pKa+1 210+ 16 80+ 13 0.169 + 0,007
POPG + UDCA pKa-1 188+ 13 15416 0.156 = 0.008

2.4 Spectroscopic techniques

2.4.1 UV-Visible spectroscopy

UV-Visible spectroscopy is one of the most commonly used spectroscopic techniques
by chemists and biologist. The basic principle of UV-Visible spectroscopy is to measure
how much light is absorbed by a sample, to obtain qualitative and quantitative infor-
mation regarding the ground state of an absorbing species and many physical and chem-
ical processes [156-159] . The Beer-Lambert’s law states that when a monochromatic
light passes through a homogenous sample solution in a cell, the intensity of the trans-
mitted light is directly proportional to product of concentration of the solution and the
thickness of the solution at a particular wavelength A. Absorbance also called as the op-
tical density of the material. The Beer-Lambert’s law writes mathematically given be-

low.

logy, (17") =A=¢€cl (2.4)
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Where, lo is intensity of the incident light, I is intensity of transmitted light, A is Ab-
sorbance, € is molar absorbance or absorption coefficient (in dm3 mol* cm™ units), ¢ is
concentration of the compound in the solution (in mol dm- units), and | is thickness of

the sample (in cm units).

UV-Visible absorption spectrometer (duel beam, Model Cintra 20, GBC Scientific
Equipment Ltd, Australia) is used for measurements of the steady state absorption spec-
tra of the samples. This instrument contains dual light sources, for a visible region (35
W tungsten-halogen lamp) and UV region (30 W deuterium lamp). This instrument can
be measured absorption spectrum of full wavelength scan range from 190 nm to 900
nm. Two light sources automatically work for selected wavelength range. The Czerny-
Turner model monochromators with holographic grating determines the wavelength
resolution which is £ 0.2 nm. Spectral band pass from 0.2 to 5 nm with increment of 0.1
nm changes by variable slit widths. The photomultiplier tube (PMT) which works as the
detector in spectrophotometer. The quartz cuvette having path length of 1 cm is used for

measurements of the absorbance of the sample.

2.4.2 Fluorescence spectroscopy

Fluorescence spectroscopy is widely used for the study of luminescence of biological,
chemical and analytical samples. The basic principle of fluorescence is that the mole-
cule in the ground electronic state upon absorption of photon of suitable energy within
1015 seconds goes to a higher singlet excited state, then the excited state molecule re-
turns to ground state by various processes, such as radiative or different non-radiative
processes. The emission of light from any substances is called as luminescence. The

process of luminescence is classified based on the nature of the excited state, which is
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either fluorescence or phosphorescence. Fluorescence emission results from a thermally
equilibrated excited state, that is, the lowest energy vibrational state of S; returns to a
higher excited vibrational ground state level, So of the molecule which then quickly
reaches thermal equilibrium. Depending on relaxation dynamics, the important infor-
mation of the molecule can be obtained such as the energy, polarity, lifetime, and radia-
tive and non-radiative decay rates of the emitting state by the detection of these emitting
photons. The radiative decay emits a photon while non-radiative decay through thermal
energy transfer, collision quenching etc. [156,157,160]. A fluorescence emission spec-
trum of fluorophore is a plot of the fluorescence intensity of fluorophore versus wave-
length (nm) or wave number (cm™). The phenomena of the absorption of energy and
emission of light by various processes are usually illustrated by the Jablonski diagram.
A schematic Jablonski diagram shows various processes before and after absorbing of
light by a molecule is shown in the figure 2.3. The singlet ground, first, second and tri-

plet electronic states are represented by So, S1, S2, and T respectively.

The steady state emission measurements are performed by spectrofluorimeter (Model
Spex Fluorolog 2, Horiba Jobin Yvon Inc. U.S.A.). It contains a 450 W xenon CW lamp
works as steady state excitation light source in the spectrofluorimeter that generates a
continuum output of wavelength range from 240 nm to 600 nm. The fluorophore in a
sample upon excitation by the excitation light source emits a photon that passes through
the emission monochromator which is placed at right angle with respect to the excitation
source in order to avoid the detection of stray light by the photomultiplier tube. The ex-
periments are carried out at constant temperature with help of temperature controller

that is connected with the sample holder. The resolution in wavelength and intensity of
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light are controlled by the entrance and exit slit (placed before each monochromator)

widths. The PMT sensitivity for photon detection range starts from 250 to 850 nm.
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Figure 2.3: Schematic Jablonski diagram for a molecule.

The emission spectrum of a sample is recorded at fixed excitation wavelength (Aex) by
scanning the require range of wavelength with help of the emission monochromator.
Similarly, the excitation spectrum scan is performed by the excitation monochromator at

constant emission wavelength (Aem).

2.4.3 Fluorescence lifetime measurements

The fluorescence lifetime measurements are performed by the time correlated single
photon counting (TCSPC) technique in the range of nanosecond to picosecond time
scale [161-163]. The schematic block diagram of a TCSPC system is shown in Figure
2.4. Mode-locked femtosecond (fs) laser with high repetition rate is used as excitation

light source for the TCSPC instrument. The laser pulse is split using a mirror and one of
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the beams is used to excite the sample while another pulse is directed towards the pho-
todiode detector as reference. The generated signal from photo diode is passed through a
constant fraction discriminator (CFD), the working function of CFD is measured by the
arrival time of the pulse accurately and generated electrical signal is passed to the time-
to-amplitude converter (TAC) module, referred as START pulse. As the start pulse
reach at TAC and generate a voltage ramp which linearly increases with time. In the
meantime, the emitted photon from a fluorophore detected by MCP-PMT detector passe
through CFD which is considered as STOP pulse to TAC. The function of TAC is to
generate a voltage ramp which is proportional to time delay during the START and
STOP pulse. The voltage is converted to a numerical value by Analog-to-Digital Con-
verter (ADC). Finally a histogram is constructed which is the distribution of the counts
against the channel number in MCA. Histogram provides information about the meas-

ured fluorescence intensity decay of the sample with time.

The measured fluorescence decay data are convoluted with the instrument response
function (IRF) of the TCSPC system. IRF indicates the minimum time that can be
measured by the instrument. It is considered to be the dead time of the TCSPC. The
measurement is performed for IRF, first of all removing emission filters then the non-
fluorescent scattering sample is placed in sample holder and collected signal is detected
by the PMT. The intrinsic emission decay kinetics is deconvoluted from the IRF by ap-
plying iterative method. To minimize the pulse pile-up error, the sample concentration
should be low and low pulse energy is recommended.The emission lifetime measure-
ments are performed with the TCSPC system (Model: Lifespec-RED, Edinburgh In-
struments Ltd, U.K.). The excitation light source is second harmonic output of a Ti-

sapphire (Coherent Mira) laser pumped by Nd-YAG (532 nm, Coherent Verdi 5W) la-
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ser. The pulse width of laser is (~150 fs). The repetation rate of the tunable Ti-sapphire
laser is reduced to 3.8 MHz using a pulse picker (Coherent model 9200). The fluores-
cence signal is collected at right angle with respect to theexcitation source. An emission
polarizer is placed before the collection optics and the fluorescence life time are meas-
ured at the magic angle 54.7° to the excitation light source. To minimize scatter light
from the sample an appropriate emission filters is placed before the detector. The fluo-
rescence emission photon from the sample is detected using a thermoelectric cooled mi-
cro channel plate (MCP)-PMT detector (Model: R3809U-50, Hamamatsu, Japan). The
instrument response function (IRF) of the MCP-PMT detector is ~50 ps. The fluro-
rescence decays are convoluted with the IRF, the data which decovoluted from IRF by
iterativemethod software provided by the manufacture, it works based on global least
squares analysis algorithm. The measured decays are fitted to whether single or multi

exponential dacay functions are shown in the equation 2.5.

n

I1(t) = Z a; exp_(fii> (2.5)

i
In this expression 71i are the fluoresecnce decay life times, ai represents the pre-
exponential factor of the i components at t=0, and n is the number of the flurosencnce
dacay life times. The lifetime values obtained from fitted data is confirmed by the
goodness-of-fit parameters such as weighted residuals randomly distributed around zero

line and reduced chi-square value near to 1.0 [164].
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Figure 2.4: A schematic block diagram of various electronic parts of TCSPC

instrument.

2.5 Measurements of SHG

2.5.1 Experimental setup

The second harmonic (SH) spectroscopy is used for monitoring the transport of mole-
cules or ions across the lipid membranes in real-time using TCSPC system (Model
Lifespec Red, Edinburgh Instruments Ltd, U.K.). The schematic diagram of the experi-
mental setup of the SH technique is shown in Figure 2.5. The excitation source for SHG
studies is the quasi-CW output of a Ti-sapphire (Coherent Mira) laser pumped by Nd-
YAG (532 nm, Coherent Verdi 5W) laser. The quasi-CW output of a Ti-sapphire laser is
tunable from 780 to 850 nm and generates femto second pulses at a repetition rate of 82

MHz. The Full Width at Half Maximum (FWHM) of the pulse of the laser is ~150 fs at
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this range of wavelength as certified by the supplier. The high peak power laser is nec-
essary for the nonlinear optical process to be efficient and generates femto second pulse.
The SHG signal of SH probe-liposomes solution is quadratically dependent on the in-
tensity of the incident of laser light. All SH measurements are carried out at the average
laser power of 500 mW. The polarization of the laser pulse is fixed by using a half wave
plate (HWP) in the vertical plane. The fundamental laser beam passes through a convex

lens which has the focal length of 10 cm.

Nd-YAG (532 ~150 fs Ti-Sapphire Oscillator | Mirror
nm, Coherent Wavelength Range: 780-850 nm A
Verdi 5W) laser Average Power: 450-600 mW
HWP | |
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Figure 2.5: A schematic block diagram of the SH experimental set up. It is used to

measure HRS and SH signals.

The focused laser light falls on the sample, excites the sample and the generated SH sig-

nal passes throgh a band pass filter placed before the monochromator of the TCSPC sys-
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tem to avoid fundamental light and other source of light. The wavelength resolution of
monochromator is 2 nm. The SH signal is collected at right angle with respect to the la-
ser beam (800 nm) and The generated SH signal is detected in the transmitted direction
using a cooled MCP-PMT (Hamamatsu, Japan). After detecting the SH signal proceeds
through single photon counting technique. Here, the TAC does not require for collecting

SHG signal. The integration time of SH signal is one second.

2.5.2 The SH probe: LDS-698

Most of earlier SHG studies have been carried out with the organic cation, Malachite
green (MG) as a SH probe. It works at only acidic pH as the SH probe but loses its posi-
tive charge at neutral pH (becomes a neutral molecule), as a result loses its non-linear
characteristics at neutral and basic pH. A suitable molecule that should work as SH
probe at wide range of pH is necessary to findout. The family of hemicayanine dyes
having strong hyperpolarizability values are being considered for SH probe [165-168].
A hemicayanine dye (LDS-698), has sufficient absorption at the SH wavelength of a Ti-
sapphire laser. Das and co-workers have previously shown that LDS* ion act as suitable
SH probe at wide range of pH [169]. The chemical structure of the LDS-698 is shown in

the figure 2.6.

C,Hs e

CH3

Figure 2.6: Chemical structure of the LDS-698.
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2.5.3 The procedure for SH experiments

The procedure for conducting SH experiments is as follows. Initially 2 mL buffer solu-
tion is added in cuvette and the SH is recorded for a few seconds as a base level. Now
aliquot of SH Probe (LDS") is added to the buffer solution and recording of SH signal is
continued for another few seconds. The signal is slightly increased above the base level
due to hyper-Rayleigh scattering (HRS) from the LDS* ions. Subsequently the liposome
suspension (100 pL) is added into the solution in the cuvette. There is an instantaneous
increase in SH intensity due to the electrostatic adsorption of positively charged LDS*
ions onto a negatively charged outer surface of lipid bilayer of POPG liposomes. The
SH signal from the sample starts decay with time which indicates that the transport of
LDS* ions from the outer lipid bilayer to inner lipid bilayer of POPG liposomes. The
experiment is stopped when there is no change in SH decay with time. A typical SH in-
tensity decay profile of LDS*ions across the POPG liposome in pH 7.4 buffer with time

at room temperature is shown in the figure 2.7.

The sample temperature is controlled by a Neslab (JULABO Labortechnik GmbH,
Germany) circulating water chiller having a temperature accuracy of + 1 °C. The sample
solution is constantly stirred with a magnetic stirrer to avoid photo bleaching of the
sample due to high peak power laser as excitation source. The SH intensity decay data
are first converted to the SH electric field then the data are fitted with the exponential
decay functions. Finally, the transport time constants ((tay; where, tav = a171 + a212) €an
be extracted by fitting of the SH electric field traces following the liposome solution ad-
dition to the buffer containing the LDS* solution with the exponential decay functions.
The observed bi-exponential decays of Ex, could arise due to initial rapid transport of

the cation from the outer bilayer to the inner bilayer (~100 seconds). As the inner bi-
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layer gets populated with the LDS* ions, the potential difference decreases which causes
the transport rate of the LDS" ions to be slower (~1000 seconds ). It is clearly observed
that the SH intensity decay profile does not reach to zero. It means the adsorbed sites on
the lipid bilayer is quite difference in both inner and outer surface of lipid bilayer. Be-
cause of the surface area of inner lipid bilayer is smaller than the outer lipid bilayer and
potential difference also. And the second harmonic signal approaches a steady state
value at long times that is determined by the balance between the electrostatic forces

and the chemical concentration gradient.
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Figure 2.7: A typical SH decay profile of LDS™ across a lipid bilayer monitored in real

time.
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Chapter 3

Effect of Three Pluronic Polymers on the Transport of an Or-
ganic Cation, LDS" ions Across a POPG Bilayer Studied by

Second Harmonic Spectroscopy

3.1 Introduction

Pluronic polymers are neutral, nonionic amphiphilic triblock copolymers. The general
chemical structure of pluronic polymers is EOn-POm-EOn. The hydrophilic poly-
ethylene oxide (PEO) parts are located at the beginning and at end of the polymer, while
the hydrophobic poly-propylene oxide (PPO) part is located in the middle of the poly-
mer. Pluronic polymers are one among the important class of compounds for pharma-
ceutical and bio-medical applications [19]. These polymers play a significant role in
drug formulation, drug delivery systems, tumor therapy, DNA transfection, chemo-
sensitizing agents and healing of injured cell membranes etc. [20]. This can be attributed
to specific interactions between polymers and biological membranes. These interactions
are important for regulating transport of molecules across the membranes. Hence, it is
necessary to understand the interaction between polymers and membrane systems
[29,170,171]. During the past few decades, several studies have been performed to char-
acterize the polymer-membrane interactions by both experimental and theoretical meth-
ods [29,30-35,170-195]. The fluorescence spectroscopic and microscopic studies have
suggested that pluronic polymers affect membrane organization. This implies that the
membrane permeability depends on the chemical architecture of polymer [29,30,172—

178,180,187,188,192]. As we know, the pluronic polymer consists of both hydrophobic
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as well as hydrophilic part in which the hydrophobic (PO) part of the polymer insertion
into the membrane is another topic. The effect of hydrophobic and hydrophilic units of
pluronic polymers on membrane systems are studied using experimental
[31,32,176,177,181,184-186] and theoretical [34,35,190-195] techniques. Based on all
these studies, it is concluded that the number of hydrophobic (EO) and hydrophilic (PO)
segments present in the polymers play a significant role in the interaction of pluronic
polymers with artificial and natural membranes. This indicates that the changes in
membrane permeability depend on the composition of hydrophobic and hydrophilic

units of pluronic polymer.

In this work, we investigate the effect of lengths of the hydrophobic PO units and
hydrophilic EO units of pluronic polymers on the bilayer permeability of the negatively
charged L-o Phosphatidyl DL-Glycerol (POPG) liposomes. The transport properties of
an organic cation (LDS-698) across a POPG bilayer with and without pluronic polymers
have been studied by the interfacial selective second harmonic (SH) spectroscopic
technique. Three different pluronic polymers are used for all the SH studies. The
chemical formula of each pluronic polymer is: F-127 (EO100 POss EO100), L-61 (EO2
PO30 EO>), and F-68 (EO7 POz EO7). The SH technique is advantageous as it can
monitor the transport of amphiphilic molecules across a lipid bilayer (liposome) in real
time. The transport of molecules across the bilayer can be monitored by SHG process in
real time is briefly described as follows: The principle of this technique lies on the fact
that the SH probe (LDS*) molecules are adsorbed on the outer surface of the liposome
and the orientations of adsorbed molecules on liposome are in preferred way in the
interfacial region. The distance between adsorbed molecules on outer surface of

liposome is separated by the diameter of the liposome. Two oppositely oriented
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molecules on outer surface of liposome generate the SH electric field which will be
added coherently when the generated SH electric fields are in phase. The necessary and
sufficient condition for coherent addition of electric fields is comparable in size of
liposomes and of the order of the wavelength of the incident radiation (~800 nm). In
contrast, molecules which are present in bulk aqueous solution cannot contribute to
coherent SH signal because of random orientation but they can generate incoherent SH

signal called as hyper-Rayleigh scattering (HRS).

3.2 Results

Spherical shaped liposomes from POPG lipid in 10 mM of phosphate buffer solution
having a pH of 7.4 are prepared according to procedure mentioned in Chapter 2.
Liposomes containing various polymers (F-127, F-68 and L61) are prepared by two
methods: In the first method, required amount of the respective polymer is added to pre-
formed liposomes, followed by incubation at room temperature for 1 hr. This incubation
time is chosen to ensure sufficient interaction between the polymer and the liposome.
This interaction leads to the insertion of the hydrophobic part (PO unit) of polymer
inside the bilayer, while the hydrophilic parts (EO unit) are exposed to the aqueous
buffer medium. Liposomes prepared in this manner are referred to as “polymer
incubation liposomes”. In the second method, the required amount of the respective
polymer is added directly to the lipid thin film and then liposomes are prepared as
described section 2.2.1. Liposomes prepared in this manner are referred to as “polymer
incorporation liposomes”. Addition of polymers during the preparation of liposomes
ensures that the hydrophobic poly-propylene oxide units of the polymer span the
bilayer. The first and second methods are referred as “incubated” and “incorporated”

throughout this work. The polymers containing liposomes are prepared by the above
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two methods which are used for all the SH experiments. The chemical formula, HLB,
CMC values of the three pluronic polymers used in this study are presented in Table 3.1.
The composition of hydrophobic and hydrophilic units of three polymers are described
here. The number of propylene oxide (PO) units are similar in case of L-61 and F-68
polymers but they differ in ethylene oxide (EO) units. Whereas, the number of
propylene oxide (PO) units significantly differ in F-68 and F-127 polymers but more-or-

less equal number of EO units.

Table 3.1: The chemical formula, HLB, CMC, and other properties of pluronic block

copolymers.
: 190
Pluronic Chemical formula | 82HLB 12CMC LogK,
pOIymer (water/hexane)
L-61 EO, PO, EO, 3 1.1x 10* |-0.24+0.037
F-68 EO, PO,  EO, 29 48x 104 | -3.5+0.53

(HLB: hydrophilic—lipophilic balance; CMC: critical micelle concentration.)

The effective diameter (the average size of liposome), zeta potential and poly-dispersity
of polymer containing liposomes have been studied for polymer incubated and incorpo-
rated POPG liposomes at various lipid : polymer molar ratio. The Figure 3.1 (top panel)
describes the size of liposome and polydispersity changes with the variation in polymer
concentration, and bottom panel shows that zeta potential changes with the variation in
polymer concentration. From Figure 3.1, it is observed that the size and zeta potential of
liposomes prepared by polymer incubation/incorporation liposomes do not show any

significant change with variations in concentration of polymers. This indicates stability
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of liposomes (integrity of liposome) is not compromised below their CMC values of

polymers. This is consistent with previous reports [31,172,179-185,187].
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Figure 3.1: Changes in the size and polydispersity (top) and zeta potential (bottom) of

pluronic polymers incubated POPG liposomes with variation in concentration of

polymers.
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Details of the SH and hyper-Rayleigh scattering (HRS) measurements are carried out as
described in Chapter 2. The SH experiments are done as per the given procedure: Here,
the SH experimental procedure is briefly explained. Initially, 2 mL buffer solution is
added in cuvette and the SH signal is recorded for a few seconds as a base level. Then,
aliquot of SH Probe (LDS™) is added to the buffer solution having desired pH and,
recording of SH signal is continued for a few seconds. The signal is slightly increased
above the base level due to HRS from the LDS™ ions. Further, a concentration of 1 uM
of the individual polymer incubated in POPG liposome suspension is added into the
buffer solution having 5 pM LDS* ions in the cuvette. There is an instantaneous increase
(< 1 second) in SH intensity due to the electrostatic adsorption of positively charged
LDS* ions onto a negatively charged outer surface of POPG liposomes as demonstrated
earlier [141]. After addition of POPG liposomes to LDS* solution, the generated SH
electric field of (Ex») of LDS* decreases gradually with time. This is attributed to the
LDS" ions are passed through the lipid bilayer. It ensures that the transport process
occurs in the POPG liposomes. The measured experimental data can be converted to the
SH electric field and is fitted to exponential decay functions per following equation
1.12. The SH decay curves are fitted from their maximum value of the SH electric filed
(E20) i.e., just after the addition of the liposomes to the buffer solution containing LDS*
ions. The transport time constants (t1 and 12 values) are extracted by exponential fitting

of the decay curves of the SH electric field of LDS* ions and calculated tay Values.

Figure 3.2 illustrates time dependent changes in the SH electric field of LDS* (Ez,) un-
der different liposomes systems: POPG liposomes incubated with same concentration of

each pluronic polymer (F-127, F-68, and L-61). The polymer-liposomes suspension is
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added to buffer solution containing the LDS" ions (5 puM) at 50 seconds. The experi-

ments are performed at 25 °C. These liposomes systems are:

1. The black curve represents the SH electric field of LDS* ions across the POPG lipo-

somes (control, i.e., without polymer). Similarly,

2. The red curve represents the SH electric field of LDS* ions across the 1 uM of F-127

polymer incubated in POPG liposomes.

3. The blue curve represents the SH electric field of LDS" ions across the 1 uM of F-68

polymer incubated in POPG liposomes.

4. The green curve represents the SH electric field of LDS* ions across the 1 uM of L-

61 polymer incubated in POPG liposomes.

From Figure 3.2, it is clearly shown that the presence of pluronic polymers in POPG
liposomes enhance the transport of the LDS* across the liposome bilayer. The fitted pa-
rameters are obtained for the decay of SH electric field of LDS* after addition of poly-
mer-POPG liposomes. The tay values of LDS* in POPG liposomes with or without pol-
ymers are summarized in Table 3.2. The ta values of LDS* in POPG liposomes are

found to be significantly affected in the presence of polymers.
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Figure 3.2: Time dependent changes in the SH electric field of LDS* (Ez») under
different liposomes systems. The liposome systems are POPG liposomes and polymer
(F-127, F-68, and L-61) incubated POPG liposomes. The liposomes suspension is
added to buffer solution containing the LDS" ions (5 uM) at 50 seconds.

Table 3.2: Fitted parameters are obtained for the decays of SH electric field of LDS*

after addition of polymer-POPG liposomes.

Liposome + Polymer (Concentration) a, a, T, a, T, T,, (sec.)
POPG liposome only 0.11 0.54 1640 | 0.35 83 914.6
POPG liposome + F-127 (1 pM) 0.0s [0.05 [183 0.90 |24 30.29
POPG liposome + L-61 (1 nM) 0.15 036 | 724 049 |82 302.82
POPG liposome + F-68 (1 pM) 0.13 0.52 1468 |0.35 110 806.11

In order to understand the membrane permeability of liposome, the effect of the copol-
ymer composition of polymer (variation in number of EO and PO units of polymer) on

the transport of LDS* across POPG liposomes with polymers are also studied. For this,
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the experiments are carried out with different concentration of individual pluronic pol-
ymer present in POPG liposomes. The selection of concentration of individual polymer
IS to get more or less equal to tav Values of LDS*. This gives an idea about how different
copolymer composition of individual polymers affects the transport of LDS* in POPG

liposomes.

Similar to Figure 3.2, Figure 3.3 describes time dependent changes in the SH electric
field of LDS* (E2.) under different liposomes systems. These curves represent the SH
electric field of LDS* ions across POPG liposomes incubated with different concentra-

tion of each polymer (0.1 uM of F-127, 10 uM of F-68, and 3 uM of L-61).

Only POPG liposome
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Figure 3.3: Time dependent changes in the SH electric field of LDS™ (Ez») under
different liposomes systems: The liposome systems are POPG liposomes and the
respective polymer (0.1 uM of F-127, 10 uM of F-68, and 3 uM of L-61) incubated
POPG liposomes. The liposomes suspension is added to buffer solution containing

LDS" ions (5 uM) at 50 seconds.
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The fitted parameters for decay of SH electric field of LDS* ions are obtained in the
presence of different concentration of pluronic polymers incubated in POPG liposomes.
The tay vValues of LDS™ ions across the POPG liposomes in the presence of each polymer
are summarized in Table 3.3. The tay Values of LDS™ ions becomes ~ 9 times faster in
presence of pluronic polymers present in POPG liposomes as compared to only POPG
liposomes (without polymer). However, Figure 3.3 indicates that the transport of LDS*
ions depends upon the concentration of individual polymers. The results demonstrated
that the membrane permeability of POPG liposomes is severely dependent on the
copolymer composition of the pluronic polymers. In order to get an idea about how the
number of polymer molecules per liposome affects the transport of LDS* ions across the
lipid bilayer, further, the experiments are carried out with variation in the number of

polymer molecules per liposomes ratio (variation in polymer concentration).

Table 3.3: Fitted parameters for the decays of SH electric field of LDS* after addition

of pluronic polymer in POPG liposomes.

Liposome + Polymer (Concentration) a, a, T a, T, T, (sec.)
POPG liposome only

0.11 0.54 1640 0.35 83 914.6
POPG liposome + F-127 (0.1 pM)

0.16 0.17 578 0.67 94 105.00
POPG liposome + L-61 (3 nM)

0.11 0.28 230 0.61 43 90.75
POPG liposome + F-68 (10 nM)

0.17 0.23 400 0.60 77 140.02

Figure 3.4 describes the effect of the number of polymer molecules per liposome on the
transport rate constant (Kay i.e. 1/tav) of LDS* in the POPG liposomes incubated with
respective polymer. In Figure 3.4, both axes are kept deliberately in logarithmic scale in

order to capture the entire variation in polymer concentration and kay values. Out of
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three pluronic polymers, the transport of LDS™ across the POPG liposomes incubated
with F-127 polymer is observed to be faster when compared to the other two polymers,
L-61 and F-68. As discussed earlier, the length of the hydrophobic PO unit is the highest
in F-127 (EO100 POss EO100) Whereas, in the other two polymers the length of the
hydrophobic PO unit is comparatively less. Based on the results obtained, it can be

speculated that the membrane permeability depends on the length of hydrophobic unit of

the polymer.
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Figure 3.4: Changes in the transport rate constants (ta)) of LDS* with number of
polymer molecules per liposome (P/L) ratio for polymer incubated POPG liposomes.

The line connecting the data points are only meant for guidance.

So far, the pluronic polymers incubated POPG liposomes are used for the SH studies.
When the experiments are performed with polymer incubated liposomes, there might be

an issue of polymer localization with respect to the lipid bilayer. To address this, we

56



carried out a comparative study of the transport rates of LDS* using two different type
of liposomes which are prepared by two different methods. These are referred as poly-
mer incubated and polymer incorporated POPG liposomes (methods of preparation are
described in the Chapter 2). As discussed earlier, it is reasonable to assume that the PO
unit of the polymer spans the entire bilayer in the case of polymer incorporated lipo-
somes. In polymer incubated liposomes, the insertion of the hydrophobic (PO unit) of
the polymer into the bilayer, while the hydrophilic parts (EO unit) can be accompanied
by the translocation state across the bilayer. Further, variation in temperature of the sys-
tem (5-45 °C) can give an idea about how the bilayer rigidity changes with temperature.
Figure 3.5 describes time dependent changes in the SH electric field of LDS* (E».) be-
fore and after addition of either POPG liposomes or POPG liposomes incubat-
ed/incorporated with individual pluronic polymer (added at t = 50 sec.) for three differ-
ent pluronic polymers (F-127, F-68, and L-61) at 10 °C and 25 °C. At 10 °C, the
transport of LDS* in POPG liposomes or POPG liposomes incubated/incorporated with
individual polymer (F-127, F-68, and L-61) is observed to be similar for all polymer-
POPG systems except F-68 and F-127 incorporated POPG liposomes. The transport of
LDS™ ions is observed to be significantly faster in case of F-68 and F-127 incorporated
POPG liposomes. As the temperature is increased to 25 °C, the transport of LDS* ions
across the polymer incubated (L-61 and F-68) POPG liposomes is faster as compared to
their polymer incorporated liposomes. The transport of LDS* ions is more or less similar

for both F-127 polymer incubated and incorporated POPG liposomes.
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Figure 3.5: Time dependent changes in the SH electric field of LDS™ before and after

addition of either POPG liposomes or POPG liposomes incubated/incorporated with

pluronic polymer (added at t = 50 sec.) for three pluronic polymers (F-127, F-68 and

L-61). The experiments are performed at 10 °C (left panel) and 25 °C (right panel).
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Finally, Figure 3.6 describes temperature dependent changes in the transport rate con-
stants (k) values of LDS* ions across POPG liposomes (control, incorporated, and in-
cubated liposomes) for three different polymers (F-127, F-68, and L-61). In Figure 3.6,
the Y-axis is kept deliberately in logarithmic scale in order to capture the entire varia-
tion in the transport rate constants. The sample temperature in the SH experiments are
varied from 5 to 40 °C with increment of 5 °C. For temperature variation experiments,
the sample temperature is controlled by a Neslab (JULABO Labortechnik GmbH, Ger-
many) circulating water chiller having a temperature accuracy of + 1 °C. The integrity of
liposome may be compromised at higher temperature (> 40 °C) which limits the exper-
imental conditions to 40 °C. Control experiment means POPG liposomes without poly-

mer as reference.
The following observations from SH experiments can be summarized.

1. There is no significant variation in the k1 values of LDS" across POPG bilayer (con-
trol) till 15 °C after which is increased sharply (~10 x) and thereafter remained more or

less constant.

2. As temperature is increased from 5 to 40 °C, the kr values of LDS" increases mono-
tonically with temperature in case of L-61 polymer incubated and incorporated POPG

liposomes.

3. At temperature range of 5-15 °C, F-127 and F-68 polymer incorporated liposomes is

observed to be substantially higher compared to their polymer incubated liposomes.

4. There is no significant variation in the kt values of LDS* in case of F-127 or F-68
incubated POPG liposomes after which it increases sharply then starts to level off after

30°C.
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3.3 Discussions

The membrane permeability properties of POPG liposome bilayer altered by pluronic
polymers have been studied by using the interfacial selective SH spectroscopic tech-
nique. In literature, the membrane permeability properties is studied by the lipid flip-
flop rates using fluorescently labelled lipids and the trans-membrane transport of some
fluorescent probes [29,172,174,175,179,180]. In one study, the adsorption of F-127
polymer (a polymer: lipid (P/L) mole ratio of 0.10) onto small unilamellar vesicles
(SUVs) of egg phosphatidylcholine has released a fluorescent dye (Carboxy fluoresce-
in) by 100 times. A similar rate of the transport of the LDS* ions is observed at a P/L
ratio of 0.010 in this study (Figure 3.6). In another study, the permeation rate of Doxo-
rubicin (an anti-cancer drug) across unilamellar egg phosphatidylcholine vesicle in
presence of ~20 molecules of L-61 pluronic polymer per vesicle has been reported to
increase threefold and the flip-flop rate of fluorescently labelled lipids increased six
fold [175]. In this study, it is observed that the transport rate of LDS™" increases ten fold
in presence of ~5 molecules of L-61 polymer per liposome at room temperature. The
calculation of liposomes concentration is described in Chapter 2. The results from the
SH spectroscopic technique, which provides better sensitivity to probe the bilayer per-
meability induced by the pluronic polymers. Results presented in Figure 3.4 indicate
that the permeability of POPG membrane against LDS™ ions is critically dependent on
the length of hydrophobic (PO) segment in the polymer. The chemical formula of plu-
ronic polymers shows that the length of the hydrophobic PO unit is the highest in F-
127 (EO100 POss EO100). Whereas, it is lowest in both L-61 (EO2 PO3y EO7) and F-68
(EO76 PO30 EO76). In F-127 polymer, the length of the hydrophobic PO unit is roughly

twice the order of membrane thickness whereas, in L-61 and F-68 polymers this is of
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the order of membrane thickness (~ 5 nm). Therefore, the results of SH spectroscopic
technique have shown that the permeability of the LDS™ ions is enhanced by the length
of the hydrophobic PO unit present in these polymers. Now, comparing the results of
almost similar lengths of the hydrophobic PO units (L-61 and F-68 polymers) and dif-
ferences in the length of the hydrophilic (EO) unit have shown that membrane permea-
bility increases as the length of the hydrophilic (EO) unit gets smaller. Thus, it is in-
ferred that the hydrophilic—lipophilic balance (HLB) values get smaller. In general,
HLB values determine the hydrophilic/lipophilic character of the respective polymer.
These values are shown in the HLB index (Table 3.1) and are calculated by using the
empirical formula: HLB = —36n / (2m + n) + 33 [196]. Where, m and n represent to the
number of repeated units in the PO segment and EO segment of the polymer, respec-
tively.

The liposome concentration is calculated to be ~350 nM as described in Chapter 2. At
this point it is worthwhile to consider the number of polymer molecules present per lip-
osome in our experimental conditions. The average transport time constants of the LDS*
(7av) across the POPG membrane in the presence of respective polymers (0.1 uM of F-
127, 3 UM of L-61, 10 uM of F-68) become ~ 9 times faster as compared to the zy val-
ues of LDS* for only POPG liposome. This means that ~0.3 molecules of F-127, ~9.0
molecules of L-61, and ~ 29.0 molecules of F-68 polymers are available per liposome.
Thus, F-127 polymer significantly affects the zy values of LDS* (Figure 3.3). At this
point, it is also worthwhile to consider the partition co-efficient (Log Kp water-hexane) Of the
individual polymers. This decides how many polymer molecules are adsorbed per lipo-
some. As expected, the actual number of polymer molecules adsorbed on the surface of
an individual liposome will be less than the number of polymer molecules added to the

liposome solution. Further, from Table 3.1, the Log K values of polymers indicate that
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more number of L-61 polymer molecules can be adsorbed on the surface of liposome
compared to F-68 and F-127. It is reasonable to expect that the membrane permeability
depends on the mobility of lipids constituting the membrane. Therefore, in presence of
pluronic polymers, the enhanced mobility of the membrane components may originate
from two mechanisms: 1) Either the global mobility of all the lipid constituents or 2) the
formation of small patches on the surface of the membrane where polymers get ad-
sorbed onto the surface of liposome. These mechanisms increase the mobility of mem-
brane components drastically. It is difficult to assume that presence of ~10 molecules or
less pluronic polymer molecules per liposome would affect the global mobility of the
lipids constituting the liposome. This is inferred as the size of the liposome does not al-
ter at all the pluronic concentrations used in this study (Figure 3.1). The mobility of the
lipid constitutents of membrane gets compromised at the locations where the polymers
are adsorbed onto the surface of liposome. In F-127 polymer, the length of the hydro-
phobic PO unit is twice the order of membrane thickness (~ 5 nm). The insertion of
large hydrophobic PO units of F-127 polymer molecule in the hydrophobic region of
lipid bilayer affects the region severely. We propose that the cause of the membrane
permeability of the LDS* across the membrane containing pluronic polymers is due to
the formation of localized “highly mobile” areas. A similar type of hypothesis has al-
ready been proposed earlier [175]. It might be noted that several molecular dynamics
(MD) simulation studies are performed under equilibrium conditions. The final conclu-
sion from these studies show that the hydrophobic PO segment of pluronic polymer
adapted a folded conformation in the lipid bilayer [34,35,190,191,193-195]. In particu-
lar, the hydrophobic PO segment of F-127 polymer has adapted a folded conformation
even in trans-membrane state [193]. The ordered arrangement of the lipid molecules get

disturbed by the adsorbed polymer molecules onto liposome due to adapted in a fold
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conformation in the bilayer. At this point it is important to note that transport of ions
across a bilayer is driven by the creation of a trans-membrane potential difference. This
occurs due to the adsorption of oppositely charged ions on the outer bilayer surface.
However, the transport rate will also depend upon the rigidity of the bilayer. Therefore,
if by any means the rigidity is compromised, the transport rate will increase. We pro-
pose that due to the folded conformation of the PO unit of F-127 inside the bilayer, the
lipid molecules in the immediate vicinity will lose their ordering arrangement. The main
consequence is reduced rigidity which will result in an enhanced permeability of the

LDS*ions around this localized area.

So far, the effect of polymers on the transport of LDS™ ions across the POPG liposome
have been discussed. The interaction between polymer and membranes consists of two
processes. In the first process, the polymer gets adsorbed on the surface of membrane.
In the second process, the hydrophobic part (PO unit) of the polymer is inserted into the
bilayer [32,177,181,184,188,190,192]. The insertion mechanism of the hydrophobic part
(PO unit) of the polymer (whose the length of the hydrophobic PO unit is of the order of
bilayer thickness or more) in the lipid bilayer can be of two types: the hydrophobic part
(PO unit) of the polymer spans across bilayer or localization of the hydrophobic part
(PO unit) of the polymer in the outer surface (leaflet) of the membrane. Since the poly-
mer consists of the hydrophobic part (PO unit) as well as hydrophilic part (EO unit), the
transport of the hydrophilic (EO unit) segment of the polymer passes through the hydro-
phobic region of the bilayer which is an energetically costly process. Thus, it can be
slow process [32,187,188] at room temperature. However, the transport of the hydro-
philic (EO unit) segment of the polymer may be faster at elevated temperatures as the

mobility of lipid constituents is more at higher temperature.
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POPG liposomes are prepared by polymer incubated or incorporated in POPG lipo-
somes. The results of kr values of the LDS™ ions for all systems (POPG liposomes, pol-
ymer either incubated or incorporated liposomes) have shown that temperature plays a
crucial role in the interaction between the F-68 and F-127 polymers and membranes
(Figure 3.6). The changes in kt values of LDS* across POPG bilayer with temperature
do not follow similar trends over a range of temperature (5-40 °C). The kr values of
LDS" ions across POPG bilayer suddenly increase with temperature near the temperature
range of 15-20 °C. This occurs because the mobility of the POPG lipids increases signif-
icantly at this temperature. Similar trend is also followed by F-68 and F-127 polymers
incubated with POPG liposomes (polymer F-68 and F-127 are more-or-less equal num-

ber of EO units).

A comparison of the kr values of the LDS cation across a POPG bilayer and POPG bi-
layer containing pluronic polymers which were present either in the incorporated or in-
cubated state (Figure 3.6) indicates that temperature plays a crucial role in controlling
the interaction of the F-68 and F-127 polymers with the bilayer. The kt values of LDS
cation across POPG bilayer shows an abrupt increase near the temperature range of 15-
20 °C indicating that at this temperature the mobility of the POPG lipids increases sig-
nificantly. This trend is also followed by F-68 and F-127 polymers (which have a long
chain hydrophilic EO groups) when they are incubated with POPG liposomes which
leads us to conclude that insertion of the PO chain in F-127 and F-68 polymers in the
POPG bilayer starts when the mobility of the bilayer gets reduced abruptly around the
15-20 °C temperature range. Although the reason behind this sudden change in the
POPG bilayer mobility is not clear at this point, it is relevant to note that liposomes

made from egg PE (phosphatidyl ethanolamine) were observed to show a transition near
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10°C, which has been attributed to the lipid hydrocarbon chain order-disorder conforma-
tional transition [197]. It is possible that a similar transition in the POPG liposomes oc-
curs in the temperature range of 15-20 °C causing the above mentioned effect. Further
experiments are needed to corroborate this possibility. Since above 20 °C the observed
changes in the kr values of the LDS cation with temperature are more or less similar for
both incubated or incorporated complexes of F-127 or F-68 polymers with POPG lipo-
somes further leads to the conclusion that above this temperature polymer incorporation
in the bilayer is similar for both incorporated and incubated polymer-lipid complexes
and this is likely to be in a bilayer spanning state. The reduction of the lipid mobility is
likely to assist the translocation of the bulky EO chains in these polymers across the bi-
layer. In the schematic diagram shown in Figure 3.7 the POPG lipid bilayer gets dis-

turbed by the presence of pluronic polymers and variation in temperature.
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Figure 3.7: A schematic illustration of how the POPG lipid bilayer get disturbed by

the presence of pluronic polymers and variation in temperature.
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The insertion of the hydrophobic part (PO unit) of L-61 polymer into the POPG bilayer
is followed by a similar trend for both L-61 polymer incubated and incorporated lipo-
somes system. It is clearly observed that the preparation of liposome is independent of
method of preparation because L-61 polymer has the highest HLB value among the
three polymers. This indicates that L-61 inserts itself in the bilayer when added external-
ly (incubated). Therefore, L-61 polymer is expected to bind more strongly to the POPG

bilayer.

3.4 Summary and conclusions

It is concluded that, the transport of LDS* across POPG liposomes containing tri-block
pluronic polymers depends on the copolymer composition of polymer (variation in the
individual sub-units of the polymer). Using three different polymers (F-127, F-68 and L-
61), the effect of variation in the length of the hydrophobic PO unit and the length of the
hydrophilic EO unit on the transport properties of LDS* across POPG liposomes has
been investigated. The results of transport of LDS* across the bilayer show that the
length of the hydrophobic PO unit remarkably affects the permeability of POPG lipo-
somes when compared to the length of the hydrophilic EO unit. The permeability of
POPG liposomes are significantly altered. This is attributed to the accommodation of
the hydrophobic PO unit of the polymer in the hydrophobic region of the bilayer. The
effect is higher in the case of F-127 polymer as the hydrophobic PO unit length is al-
most double to that of the bilayer thickness. In the schematic diagram shown in Figure
3.8, the POPG liposome bilayer gets disturbed by methods of preparation. They are pre-
pared either by polymer incubated liposomes or by polymer incorporating in the lipo-
somes. The role of polymer structure and temperature (5-40 °C) on the insertion of the

hydrophobic PO unit in the bilayer has also been investigated by monitoring the
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transport of the LDS*. L-61 polymer, which is the most hydrophobic of the series, is ob-
served to insert itself spontaneously into the bilayer. We further studied the insertion of
the hydrophobic PO unit in the bilayer is a function of temperature (5-40 °C) and the
copolymer composition of polymer. L-61 polymer is the most hydrophobic in character
out of three polymers used in this study. It is observed that L-61 polymer inserts itself
spontaneously into the bilayer. The insertion of the hydrophobic part (PO unit) of F-127
and F-68 polymer into the POPG bilayer starts above 15-20 °C. These changes occur as
increased temperature significantly enhance the mobility of the POPG lipids. Results
obtained in this study are expected to provide further insight into the nature of pluronic

polymer induced membrane permeability.
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Figure 3.8: A schematic illustration of pluronic polymer insertion in the POPG
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Chapter 4

Interaction of Amphotericin B with Ergosterol/Cholesterol-
Containing POPG liposomes Studied by Absorption, Fluores-

cence and Second Harmonic Spectroscopy

4.1 Introduction

Amphotericin B (Figure 4.1) is a polyene antibiotic belonging to a class of structurally
related macrolides. The polyene antibiotics are used clinically for their anti-fungal activ-
ity. In the last few decades it has emerged as drug of choice for treatment of systemic
fungal infections [36,38-41]. The usage of antibiotic amphotericin B (AmB) is, howev-
er, limited as it damages certain biological membranes. Inspite of its severe side effect,
it is still the most popular drug mainly due to lack of better alternatives. The antifungal
action of AmB arises from its binding to membrane sterols and formation of ion-
channels in fungal cell membranes [42]. This leads to disruption of cell membranes ac-
tivities followed by cell death [50]. The antifungal action of AmB described above are
widely accepted. According to these two modes of action, the main cause of antifungal
action of AmB is due to its interactions with sterols. Several studies reported in the liter-
ature suggest that the binding affinity of AmB with ergosterol (Ergo) containing mem-
branes (fungal cells) is higher in comparison with cholesterol (Chol) containing mem-
branes (mamelian cells) [198,199]. However, the results of recent findings reveal that
the main cause for the antifungal activity of AmB is its binding with Ergo in the mem-

brane as compared to the ion-channel formation in the membranes. When AmB binds
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with Ergo in fungal cells it cannot perform its essential physiological functions which
leads to cell death [51,52]. The chemical structures of amphotericin B, ergosterol and
cholesterol are shown in Figure 4.1. The structural differences between ergosterol and
cholesterol are discussed in Chapter 1. The binding affinity of sterols with amphotericin
B is considerably influenced by these minor structural differences between sterols. Sev-
eral experimental and theoretical studies [43,44,46,48,200—208] suggest that the binding
affinity of Ergo with AmB (Ka = 6.9 x10° M) is higher compared to Chol and AmB (Ka
= 5.2x10* M™Y. Figure 4.1 represents the interaction between ergosterol and amphoteri-
cin B which is highlighted as obtained from literature [51,52].

Me OH
NH,® Mycosamine
o
ol
[e]

Mycosamine

-

Cholesterol
Ergosterol

OH Me

Amphotericin B Amphotericin B

Figure 4.1: Chemical structures of Amphotericin B, Ergosterol, and Cholesterol. The
interaction between ergosterol and amphotericin B which is highlighted as obtained

from literature [51,52].

In this present work, we report the effect of Amphotericin B on the membrane permea-

bility of sterol incorporated POPG liposomes. The effect of AmB in the transport prop-
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erties of an organic cation (LDS-698) across either POPG liposomes or sterol incorpo-
rated POPG liposomes have been studied by the interfacial selective second harmonic
(SH) spectroscopic technique. An antibiotic, AmB molecule has two ionisable function-
al groups i.e., carboxylic and amine groups (Figure 4.1). The effect of neutralization of
the two oppositely charged functional groups of AmB on the transport of LDS™ ions in
POPG liposomes with sterols has been investigated. Two different sterols namely ergos-
terol (Ergo) and cholesterol (Chol) are used for SH studies to elucidate interactions of
AmB with sterols. As regards membrane composition, the choice of lipid:sterol ratio is
one of the important parameter. Control experiments have performed with different
mole fraction of membrane sterol (either ergosterol or cholesterol) present in the POPG
liposomes in presence of the antibiotic molecule (AmB). The results are shown that the
transport rate is varied with different mole fraction of sterol present in liposomes. The
fungal membranes which contain typically 29-31 mol % of ergosterol and the human
cell membranes have cholesterol typically 30-50 mol % are reported. In light of these
observations and given the additional practical constraint that membrane containing lev-
els of sterol exceeding 30 mol % exhibit significant lateral inhomogeneity [239]. In this
study, 30 mol % of sterol have been selected for all spectroscopic experiments. In addi-
tion to this, the absorption and fluorescence properties of AmB in either POPG lipo-
somes or sterol incorporated POPG liposomes are also studied. The LDS* ion has been
employed as an optical SH probe in the present studies due to strong second-order non
linearity at the wavelength (800 nm) of a Ti-sapphire laser. The use of positively
charged LDS* ion in the SH experiments facilitates monitoring of membrane transport
process across a negatively charged lipid bilayer of liposome in real time.

Details of the principle of SH technique are described in Chapter 1. A brief description

of generating SH signal from interfacial region in an aquous liposome system is ex-
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plained here. The principle of this technique lies on the fact that initially the LDS™ mol-
ecules are adsorbed on the outer surface of the liposome due to electrostatic interactions
between liposomes head groups and LDS™ ions. The SH electric field generated by op-
positely oriented molecules on outer surface of liposome are in phase and will add up
coherently when the diameter of the membrane is of the order of the excitation wave-
length. With progress in time, the LDS" ions pass through the bilayer and then get ad-
sorbed to inner surface of liposomes that are oppositely oriented with respect to orienta-
tion at the outer surface. The oppositely oriented molecules are separated by the bilayer
thickness (~5 nm) which is smaller than the coherence length of the SHG process. The
SH electric field generated by oppositely oriented molecules are out of phase and cancel
each other. In contrast, molecules which are present in bulk aqueous solution cannot
contribute to coherent SH signal because of random orientation but they can generate
incoherent SH signal called as hyper-Rayleigh scattering (HRS). The SH technique is
used as it can monitor the transport of amphiphilic molecules across a lipid bilayer (lip-
osome) in real time. Several studies on adsorption and transport kinetics of organic ions
across a lipid bilayer that can be monitored in real time by the SHG technique have been

investigated [127,128,132,133,141].

4.2 Results

The liposomes used in present study are POPG, POPG-Ergo and POPG-Chol liposomes
prepared in desired pH medium. Details of preparation of POPG, POPG-Ergo, POPG-
Chol liposomes according is mentioned in Chapter 2. The effective diameter (the aver-
age size of liposome), zeta potential and poly-dispersity of respective sterol incorporated
POPG liposomes and only POPG liposomes (control, i.e., sterol free) are measured at

various pH using a Brookhaven 90 Plus size and zeta potential analyzer (Brookhaven
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Instrument Corp., USA). The average size, polydispersity and zeta potential of only
POPG and POPG liposomes incorporated with each sterol (Ergo or Chol) at three dif-
ferent pH is given in Table 2.3 (Chapter 2). From table. 2.2, it is observed that the size
and zeta potential of liposomes prepared by sterol incorporated POPG liposomes do not
significantly change with variation in pH. This indicates that the liposomes are stable in
this pH range. Details of the SH and hyper-Rayleigh scattering (HRS) measurements are
performed as described in Chapter 2. The SH experiments are carried out at constant
temperature. The sample temperatures are controlled by a Neslab (JULABO Labortech-

nik GmbH, Germany) circulating water chiller having a temperature accuracy of + 1 °C.

The time dependent change in the SH electric field (E.,) for a solution of these lipo-
somes is recorded as per the procedure briefly explained as given here. The time de-
pendent changes in the SH electric field of LDS* (E»,) from three different POPG lipo-
somes solution are measured for two cases: Case I: Absence of AmB in respective lipo-
somes and Case Il: presence of 50 nM AmB in respective liposomes. The pH value of

the solution in both the cases is maintained at 7.4.
Case I: Absence of AmB in respective liposomes.

The concentration of 30 mole % of the respective sterol (either ergosterol or cholesterol)
incorporated POPG liposomes suspension is added into the solution having LDS* ionsin
the cuvette. For all cases, there is an instantaneous increase (< 1 second) in SH intensity
due to the electrostatic adsorption of positively charged LDS* ions onto a negatively
charged outer surface of lipid bilayer of POPG liposomes as demonstrated in numerous
studies earlier [26-30]. After the addition of POPG liposomes with sterols or without
sterol (control experiment) to the solution containing 5 «uM LDS" ions, the SH electric

field of (E»,) of LDS* ions decreases gradually with time. This indicates the transport of
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LDS* ions from the outer lipid bilayer to the inner lipid bilayer of POPG liposomes. The
measured experimental data can be converted to the SH electric field and is fitted to ex-
ponential decay functions per following equation 1.12. The transport time constant (t1
and 12 values) have been extracted by exponential fitting of the decay curves of the SH
electric field of LDS* ions and then calculated tay values. The SH decay curve is fitted
from their maximum of the SH electric filed (E>.), i.e., just after the addition of the lipo-

somes to the buffer solution containing LDS™ ions.

Case II: Presence of AmB in respective liposomes.

A similar procedure described for case I is followed. Here, the required concentration of
AmB is added to respective liposomes suspension before start the SH measurement.
Figure 4.2 describes time dependent changes in the SH electric field of LDS* (E»,) are
measured in respective liposomes systems for two cases: Absence of AmB in liposomes
systems (a, left panel) and presence of 50 nM of AmB in liposomes systems (b, right
panel). The liposomes suspension is added to buffer solution containing the LDS™ ions

(5 uM) at 100 seconds.

The black curve describes POPG liposomes (control, i.e., sterol free)
The red curve describes cholesterol incorporated POPG liposomes.

The blue curve describes ergosterol incorporated POPG liposomes.
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Figure 4.2: Time dependent variations in the SH electric field of LDS" (Ez») in
respective liposomes systems for two cases: Absence of AmB in liposomes systems (a,
left panel) and presence of 50 nM of AmB in liposomes systems (b, right panel). The
liposomes suspension is added to buffer solution containing the LDS* ions (5 uM) at
100 seconds. These sterol-POPG liposomes systems are POPG liposomes (black

curve), POPG-Chol liposomes (red curve) and POPG-Ergo liposomes (blue curve).

Two cases are considered in Figure 4.2.

Case I: In the absence of AmB, it is clearly observed that the transport of LDS* in
POPG liposomes with sterols is slower as compared to POPG liposomes without sterols.
However, the transport of LDS* in presence of sterol incorporated liposomes is slower

as sterols increase the bilayer rigidity.

Case Il: In the presence of AmB, these results show that the transport of LDS* becomes
significantly fast for POPG liposomes containing Ergo in presence of AmB. The effect
of AmB on the transport of LDS* is minimum for similar concentration of AmB present
in POPG liposomes and POPG-Chol liposomes. These results suggest that the permea-
bility of the POPG membrane against LDS™ is critically dependent on the sterol compo-

sition of the POPG liposomes. The liposome concentration is calculated to be ~350 nM
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as described in Chapter 2. At an AmB/liposome (A/L) value as low as « 0.14, i.e., when
0.14 molecules of AmB are present per liposome, the presence of less than one molecule
of AmB per liposome significantly affects the transport of LDS* in the POPG-Ergo lipid
bilayer. The transport time constants (tay) are extracted by exponential fitting of the de-
cay curves of the SH electric field of LDS* ions across each POPG liposomes system
and the sterols incorporated POPG liposomes for two cases (Absence of AmB in respec-
tive liposomes and presence of AmB in respective liposomes). The ta values of LDS*

for all liposome sytems have been summarized in Table 4.1.

Figure 4.3 shows the change in zy of LDS* ions with varying concentration of AmB.
The X-axis represents number of AmB molecules per liposome (A/L) which gives an
idea on the change in 7y with the number of AmB molecules present in the bilayer. In
Figure 4.3 it is clearly shown that there are two kinetic regimes associated with increas-
ing A/L values. In the first regime, it is clear that when the value of AmB/liposome
(AJL) is less than one, the zy values for all the three liposomes decreases with different
slopes almost in a linear fashion. For A/L values greater than unity, the zy values for all
the three liposomes saturate and remains more or less similar. In the inset of Figure 4.3,
a linear fit of the zy values is shown for all the three cases along with their respective
slopes. The effect of AmB is more prominent in POPG-Ergo liposome system compared

to POPG and POPG-Chol liposomes.

76



g 1 g a0 Slope = -760 +- B0
o 1400 A 2o ok e
€ 1 b
8 1200 A g
g ] A Fﬁ. “m
8 1000 _ 3 AmB per lipocsome
@ J
.E 800 - u A e POPG - 30% Ergosterol
£ 600 y . ‘A A POPG - 30% Cholesterol
& ] %o . = POPG
§ 400 ® . . A
bt i " A
°

S 200 . .:= .
3 0—- 'h‘ 2 4 0 c0nene

0.1 1 10

AmB per liposome

Figure 4.3: Changes in the transport time constants (ta,) of LDS™ with number of
AmB molecules per liposome (A/L) ratio for three different POPG liposomes systems (

POPG-Ergo, POPG-Chol, and POPG only).

So far, the effect of the sterol composition of the POPG liposomes on the transport rates
of LDS" across a POPG bilayer with and without antibiotic AmB are studied. The am-
photericin B molecule has two oppositely charged functional groups. The AmB mole-
cule has zwitterionic characteristics in buffer solution. Recent studies reveal that the in-
teraction of Ergo with AmB is due to the interaction of positively charged mycosamine
group of AmB with hydroxyl group of Ergo (Figure 4.1). The carboxyl functional group
of AmB is not involved in any type of interactions with sterols (Ergo or Chol). At this
point, it is worthwhile to consider the binding of two charged functional groups of AmB
with ergosterol in the liposomes systems. These experiments have been planned with the
objective of neutralizing the charge on the functional groups (either amino group or car-
boxyl group) of AmB, one at a time, by varying the pH of the liposomes solution. The

pKa values of the functional groups of AmB are obtained from sigma website. The pKa
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value of the mycosamine group is ~10.0, and the pKa value of the carboxyl group is
~5.5. The studies (The SH experiments, size and zeta potential) are performed at pH 4.5,
7.4 and 11. The AmB molecule has zwitterionic in nature at pH 7.4. A pH = 4.5 (pKa-1,
here the pKa corresponds to the carboxyl group) indicates that 90% of the carboxyl func-
tional group is present in their unionized state (neutral form). Similarly, at pH = 11
(pKat1, here the pKa corresponds to the mycosamine group) 90% of the mycosamine

functional group is present in their ionized state (charged form).

Figure 4.4 shows time dependent changes in the SH electric field of LDS* (E..) are
measured in POPG-Ergo liposomes at three different pH for two cases: case |: Absence
of AmB in POPG-Ergo liposomes (a, left panel) and case II: presence of 50 nM of AmB
in POPG-Ergo liposomes (b, right panel). The liposomes suspension is added to buffer
solution containing the LDS* ions (5 uM) at 100 seconds. These studies are performed

at 25 °C

The blue curve describes POPG-Ergo liposomes at pH 4.5
The black curve describes POPG-Ergo liposomes at pH 7.4

The red curve describes POPG-Ergo liposomes at pH 11

Case I: In the absence of AmB in POPG —Ergo liposomes, it is clearly observed that the
transport of LDS*™ moderately changes with variation in pH.

Case II: The presence of AmB in the POPG-Ergo liposomes, shows that the transport of
LDS™* gets significantly faster as pH is lowered from 11 to 4.5. The concentration of

AmB in POPG-Ergo liposomes corresponds to ~0.14 AmB molecules per liposome.
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Figure 4.4: Time dependent variations in the SH electric field of LDS™ (Ez») in
POPG-Ergo liposomes at three different pH for two cases: Absence of AmB in POPG-
Ergo liposomes (a, left panel) and presence of 50 nM of AmB in POPG-Ergo
liposomes (b, right panel). The liposomes suspension is added to the LDS" ions (5
MM) solution at 100 seconds. The POPG-Ergo liposomes at three pH are pH 7.4
(black curve), pH 4.0 (blue curve), and pH 11.0 (red curve).

These results clearly demonstrate that the effect of neutralizing the amino/carboxylic
group of AmB is more significant on the transport of LDS* across the POPG-Ergo lipo-
somes (the permeability of POPG-Ergo liposomes). The carboxylic group is neutralized
at pH 4.5 (pKa-1, here the pKa corresponds to the carboxyl group). The AmB enhances
the permeability of POPG-Ergo liposomes at low concentration of AmB per POPG-
Ergo liposome. i.e., this concentration of AmB is equal to 0.14 AmB molecules per
POPG-Ergo liposome. On the other hand, the amino group is neutralized at pH 11
(pKat1, here the pKa corresponds to the amino group). At this pH, there is no significant

effect on the permeability of POPG-Ergo liposomes.
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Figure 4.5: Changes in the transport time constants (ta) of LDS™ with number of
AmB molecules per liposome (A/L) ratio for POPG-Ergo liposomes at three different
pH. The X-axis is shown in logarithmic scale so as to capture the entire range of

variation of tay value.

Figure 4.5 describes the variation in the tay Values of LDS* in POPG —Ergo liposomes
with AmB concentration at three different pH similar to Figure 4.3. The net charge on
either amino group or carboxyl group changes with variation in pH accordingly. It gives
an idea on the neutralization of either of the two charged functional groups (ami-
no/carboxylic) of the AmB molecule. This affects the bilayer permeability in POPG-
Ergo liposomes by varying the pH of the buffer. In Figure 4.5, it is clearly shown that
the rate of decrease in the tay Values of LDS™ with changing AmB/Liposome (A/L) value
is faster at pH 4.5 followed by pH 7.4 and pH 11. For A/L values greater than unity, the
rate of change in the tay vValues of LDS* with A/L ratio is similar for pH 4.5 and 7.4. The
Tav Values of LDS™ for all the systems studied are summarized in Table 4.1 and these 7y

values are used for plotting in Figure 4.3 and 4.5. The lifetime values have an error of
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10%. The observed changes in the transport time constants (zv) values of LDS* with
increasing AmB/Liposome (A/L) ratio distinctly fall into two kinetic regimes for POPG,
POPG-Ergo, and POPG-Chol liposomes. In the first regime, the zy values of LDS* de-
crease linearly with different slopes and converge at an A/L value of ~1.0. In the second
regime, the zy values of LDS* remain almost constant at higher A/L value. i.e., the per-
meability becomes similar for all the three systems. This indicates that the A/L values

are independent of the liposome without/with sterol.

So far, we have studied the effects of variation in AmB/ liposome value on the tay values

of LDS* of POPG liposomes by SH technique for two cases.

Case I: three different liposomes (POPG, POPG-Ergo, and POPG-Chol)

Case Il at three different pH (pH 4.5, 7.4, and 11).

At this point it is worthwhile to consider the absorption and fluorescence properties of
AmB with varying A/L value in these three liposomes in pH 7.4. The spectral properties
of AmB in presence of POPG-Ergo liposomes at different pH are studied. The results of
SH studies show that the zy of LDS* ions in the three different liposomes follow two
kinetic regimes with increasing A/L values. This indicates the mode of action of AmB
on liposomes systems at minimum and maximum A/L values that are followed by two
different types of mechanisms. Therefore, absorption, fluorescence emission, and fluo-
rescence lifetime of AmB in these liposomes are studied at two extreme A/L values. In
the control experiment, interactions of LDS* with AmB in different pH buffer solutions
are studied. For this, the absorption spectra of AmB in buffer solution having LDS* at
different pH are studied. The results indicate that there are no interactions between AmB

and LDS™" at different pH. The concentration of AmB is fixed at 2.0 uM for absorption,
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fluorescence emission, and fluorescence lifetime measurements, while the liposomes

concentration is varied.

Figure 4.6, consists of two set of experiments. Figure 4.6 (a & b) describes the absorp-
tion spectra of AmB for three different liposomes (POPG, POPG-Ergo, and POPG-
Chol) at minimum and maximum A/L values. These three liposomes are prepared in pH
7.4 medium. Similarly, Figure 4.6 (¢ & d) shows the absorption spectra of AmB in
POPG-Ergo liposomes for three different pH (pH 4.5, 7.4, 11) at minimum and maxi-
mum A/L values. From Figure 4.6 (a), it is clearly observed that the spectra of these
three liposomes are slightly different at the region of 410-416 nm when A/L value is
0.14. This corresponds to the So > Sz transition [209-211]. Whereas at higher A/L val-
ue, the spectra of AmB in POPG-Ergo liposomes are distinctly red-shifted. At the same
time, no differences are observed in the spectra of AmB in presence of POPG-Chol and
POPG liposomes. The spectra of AmB in the presence of POPG-Ergo liposomes are
similar for three pH at minimum A/L value, while it changes significantly for pH 11 at

maximum A/L value (Figure 4.6 (c & d)).

82



(a) (c)

AmB:Liposome = 0.14 0.20, AmB:Liposome = 0.14
POPG POPG-Ergosterol: pH 7.4
>8] POPG-Cholesterol 0.15-{ POPG-Ergosterol: pH 4.5
= - .
2 ool POPG-Ergosterol :z, POPG-Ergosterol: pH 11
g - 3
3 % 0.10-]
T 0.084 £
B (<]
<] 0.05-
0.04-
0.00 : T ] 0.00 - T T i |
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength {(nm)
(b} (d) .
1 AmB:Liposome = 8.55 AmB:Liposome = 8.55 popG-Ergosterol: pH 7.4
0.16 POPG 0.24+ POPG-Ergosterol: pH 4.5
POPG-Cholesterol 0.20] POPG-Ergosterol: pH 11
P
£ 0.12 POPG-Ergosterol 'E 046
@ (=
z s 042
T 0.08 = 0
= o
& S 0.08
0.04- o
0.04-
0.00 ; ‘ ; ] 0.00 : ; ; )
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 4.6: Left panel (a, b): Absorption spectra of AmB (2 uM) in the presence of
three different POPG liposomes (as described in Figure 4.2) with minimum and
maximum A/L values. Right panel (c, d): Absorption spectra of AmB (2 uM) in the
presence of POPG-Ergo liposomes at three different pH (as described in Figure 4.4)

with minimum and maximum A/L values.

Figure 4.7, consists of two set of experiments. Figure 4.6 (a, b and c¢) describes the peak
normalized fluorescence spectra of AmB at minimum and maximum A/L values for
each liposomes system (POPG, POPG-Ergo, and POPG-Chol liposomes in pH 7.4).
Figure 4.7 (c, d, and f) shows the peak normalized fluorescence spectra of AmB in
POPG-Ergo liposomes at minimum and maximum A/L values for three different pH
(pH 4.5, 7.4, and 11). Figure 4.7, it is clearly observed that the fluorescence spectra of

AmB in POPG-Ergo and POPG-Chol liposomes are significantly shifted to higher
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wavelength region (red shift). The same shift is observed in POPG-Ergo liposomes at

pH 4.5 and 11. A similar shift is modest in the case of POPG liposomes at pH 7.4.
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Figure 4.7: Left panel: The peak normalized fluorescence spectra of AmB (2 uM) in
the three different liposomes (Only POPG (a), POPG-Ergo (b), POPG-Chol (c)) with
minimum and maximum A/L ratio. Right panel: The peak normalized fluorescence

spectra of AmB (2 uM) in POPG-Ergo liposomes at different pH (4.5 (d), 7.4 (e), 11.0
().
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Figure 4.8 consists of two set of experiments. Set | describes the fluorescence lifetime of
AmB at minimum and maximum A/L values for each liposomes system (POPG, POPG-
Ergo, and POPG-Chol liposomes in pH 7.4). Set 11 describes the fluorescence lifetime of
AmB in POPG-Ergo liposomes for three different pH (pH 4.5, 7.4, and 11) at minimum
and maximum A/L values. It is clearly observed that the fluorescence decay of AmB in
POPG-Ergo liposomes is distinctly slower as compared to POPG and POPG-Chol lipo-
somes when the A/L ratio is small (0.14). All the three decays look similar when the
AJL ratio is higher (8.55) (Figure 4.8, b). POPG-Ergo liposomes are prepared in three
different pH. The fluorescence decay of AmB is observed to be slowest at pH 4.5 and
fastest at pH 11 for low A/L ration. Increase in the A/L ratio increases the rate of decay

and does not change this trend (Figure 4.8, ¢ & d).

Finally, Figure 4.9 consists two set of experiments. Set | (a, b) describes the changes in
the integrated fluorescence intensity of AmB with increasing in A/L values for each lip-
osomes system (POPG, POPG-Ergo, and POPG-Chol liposomes in pH 7.4). Set 11 (c, d)
describes the changes in average fluorescence lifetime of AmB in presence of POPG-
Ergo liposomes with increasing in A/L values for three different pH (pH 4.5, 7.4, and
11). It is clearly observed that the integrated fluorescence intensity of AmB in all lipo-
somes systems initially decreases and is followed by saturation with increasing A/L val-
ues (Figure 4.9, a & b). The average fluorescence lifetime values and the integrated flu-
orescence intensity of AmB in all liposomes systems follow similar trend at higher A/L
value for both cases (Figure 4.9, ¢ & d). From Figure 4.9 (c), the average fluorescence
lifetime of AmB with increasing A/L values is distinctly slower in POPG-Ergo lipo-
somes as compared to POPG or POPG-Chol liposomes at pH 7.4. From Figure 4.9 (d),

the average fluorescence lifetime of AmB in POPG-Ergo liposomes with increasing A/L
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values is distinctly slower as pH is lowered from 11 to 4.5. The results of the absorption
and fluorescence spectra of AmB in POPG-Ergo liposomes at three different pH show
that the interaction between AmB and Ergo is stronger at pH 4.5 &7.4 than pH 11. The
average fluorescence lifetime values of AmB for the three different POPG liposomes at
pH 7.4 and POPG-Ergo liposomes at three different pH have been summarized in Table

4.2.
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Figure 4.8: Left panel (a, b): Fluorescence decay curves of AmB (2 uM) in the
presence of three different POPG liposomes with minimum and maximum A/L values.
Right panel (c, d): Fluorescence decay curves of AmB (2 uM) in the presence of
POPG-Ergo liposomes at three different pH with minimum and maximum A/L values.
The instrument response function is also shown (dotted line) in the top graph of left

panel.
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Figure 4.9: Left panel (a, b): Variation in the integrated fluorescence intensity of
AmB (2 uM) in the presence of three different POPG liposomes and with POPG-Ergo
liposomes at three different pH with increasing A/L values. Right panel (c, d):
Variation in the average fluorescence lifetime of AmB (2 uM) in the presence of three
different POPG liposomes and with POPG-Ergo liposomes at three different pH with

increasing A/L values.
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Table 4.1: Summarizes the average transport time constants (tav, in seconds) of LDS*

with variation in A/L ratio for all POPG liposomes systems at different pH.

A/L Only POPG: POPG-Chol: | POPG-Ergo: | POPG-Ergo: | POPG-Ergo:
ratio pH 7.4 pH 7.4 pH 7.4 pH 4.5 pH 11.0
0.00 830 810 1388 865 3183
0.01 -- -- -- -- 1808
0.02 -- - - - 965
0.03 -- -- -- -- 750
0.06 -- - - -- 250
0.07 -- 586 - -- -
0.09 -- - - - 113
0.1 -- 550 - -- --
0.11 -- - -- -- 90
0.14 730 420 1400 800 75
0.21 720 353 1200 621 40
0.29 690 270 1050 508 35
0.36 650 233 800 360 27
0.43 635 203 692 320 23
0.5 640 153 600 250 20
0.57 630 130 400 192 18
0.64 600 81 302 150 17
0.71 610 80 194 115 25
0.79 590 78 206 79 20
0.86 -- 95 170 97 --
1.0 -- 97 - 68 --
1.14 -- 84 121 64 --
1.29 -- 65 - 49 --
1.43 570 68 79 31 -
1.71 - 51 37 -- --
2.14 551 35 - 18 -
2.29 -- 23 26 -- --
2.86 479 20 23 16 --
3.57 420 20 - -- --
4.29 325 18 15 -- --
5.0 310 23 - -- -
571 244 16 16 15 --
6.43 205 20 - -- --
7.14 173 14 10 -- --
7.71 145 17 - -- -
8.57 84 14
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Table 4.2: Summarizes the average fluorescence lifetimes (in nanoseconds) of AmB
with variation in A/L ratio for all POPG liposomes systems used in this study at

different pH. The lifetime values have an error of 10%.

. Only POPG: POPG-Chol: POPG-Ergo: | POPG-Ergo: | POPG-Ergo:
A/l ratio pH 7.4 pH 7.4 pH 7.4 pH 4.5 pH 11.0
0.29 1.44 1.38 1.41 1.49 1.51
0.87 1.40 1.38 1.39 1.36 1.36
1.73 1.56 1.37 1.37 1.13 1.33
2.86 1.41 1.28 1.34 1.31 1.31
4.29 1.19 1.28 1.24 1.14 1.32
571 1.27 1.3 1.2 1.09 1.24
11.43 1.13 1.21 1.17 1.08 1.26
17.86 1.09 1.22 1.15 1.08 1.24

Three individual life time measurements were performed for each system to test the re-
producibility. The lifetime values have an error of 10% it means standard deviation of

three measurements.

4.3 Discussions

The objectives of these studies are to investigate the effect of an antibiotic, Amphoteri-
cin B on the membrane permeability of POPG liposomes as a function of membrane
composition (the presence of either ergosterol or cholesterol in the membrane) and the
membrane permeability of POPG-Ergo liposomes affects by AmB as a function of pH
variation in liposomes system. This work is studied by the SH and spectroscopic tech-
niques. The chemotherapeutic action of AmB is mainly caused by interaction between
AmB and sterols which are present in membranes. Several studies reveal that the effect

of AmB on the permeability of membranes is more predominant in ergosterol having
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membranes compared to cholesterol present in membranes. Therefore, three types of
POPG liposomes systems have been selected for investigation of the effect of AmB on
the transport of LDS* across the bilayer i.e., the membrane permeability. These are
POPG (sterol free), POPG-Ergo, and POPG-Chol liposomes systems. From figure 4.2,
at A/L values as low as « 0.14, i.e., 0.14 molecules of AmB per liposome, the transport
of LDS" in the POPG-Ergo liposome is observed to be faster. Thus, the effect of less
number of AmB molecules on the membrane permeability of ergosterol incorporated
POPG liposomes is more predominant. This indicates that interaction between AmB and
Ergo in POPG liposomes disturbes membrane permeability. i.e., the POPG-Ergo lipo-
some is more permeable for LDS* ions. In addition to this, the results of absorption, flu-
orescence spectra and life time studies of AmB in POPG-Ergo liposomes have been
supported for interaction of AmB with Ergo in POPG liposomes. The absorption spectra
of AmB in POPG liposomes at pH 7.4 shows three major peaks. These appear at ~366,
~387 and ~409 nm (Figure 4.6). These bands are vibronic bands. The absorption band
represents the strongly allowed electronic transition from the ground energy state to the
excited states with very distinct vibrational substructure (the 0-0 transition at 409 nm).
The main absorption band, with the 0-0 vibrational maximum at 409 nm. The short
wavelength spectral components represent the high energy excitonic states characteristic
of the dimeric and also more complex organization forms of AmB. The peak at 409 nm
corresponds to the lowest energy So = S: transition of AmB [209-211]. The absorption
spectrum of AmB in POPG-Ergo liposomes is slightly different in the region of 409-416
nm (Figure 4.6). No differeces are observed in the other two liposomes systems. The
main cause of these changes in the spectrum is due to the interaction of AmB with Ergo
in POPG liposomes. This is further supported from observed life time values of AmB in

POPG-Ergo liposomes at an A/L ratio of 0.14. Figure 4.3 reveals that the observed
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changes in the transport time constants (tav) values of LDS* with increasing A/L ratio
distinctly falls into two kinetic regimes for POPG, POPG-Ergo, and POPG-Chol lipo-
somes. In the first regime, the tawvalues of LDS* decrease linearly with increasing A/L
ratio. They are followed by different slopes and converge at an A/L value of ~1.0. Spec-
tral changes in the absorption and fluorescence studies of AmB in presence of POPG-
Chol liposomes and POPG liposomes are not observed. This suggests that there is no
interaction between AmB and Chol. It is poignant to mention that the binding constant
of AmB with ergostrol is ten times higher than cholesterol as discussed in the introduc-
tion section. Therefore, the rate of change in the tayvalues of LDS™ with increasing A/L
value is observed to be higher with increase in concentration of AmB in POPG-Chol
liposomes. This indicates that the interaction of AmB with Chol in POPG liposomes is
dependent on the concentration of AmB. It is interesting to note that the permeability of
the POPG bilayer is increased by AmB with increased concentration of AmB. In the
second regime (A/L >1), the tav values of LDS* for POPG, POPG-Ergo, and POPG-
Chol liposomes remain almost constant at higher A/L value (the highest A/L value is
8.5). Additionally, the fluorescence spectroscopic signatures of AmB (Figures 4.8 &
4.9) show quenching of its fluorescence for all the three liposomes at pH 7.4. The results
of SH and spectroscopic studies have shown that for A/L concentrations greater than
unity, the membrane permeability is independent of sterols present in the liposomes.
This indicates that the aggregated states of the AmB molecules in the lipid bilayer en-
hance the transport of the LDS* ions across liposomes. i.e., the permeability of POPG
liposomes is increases.

The interaction of AmB with Ergo is predicted to be two types:
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1) m—m electronic interactions between the two double bonds present in one of the cyclo-

hexane rings in Ergo and the heptene moiety of AmB [212].

i) Interaction between the positively charged amino group (present in the mycosamine

part of AmB) and the hydroxyl group of Ergo [51,52].

Our second objective of the study is to investigate the effect of the functional groups
charge of AmB on the transport rates of LDS* in POPG-Ergo liposomes. Figure 4.4
clearly shows that the effect of charge neutralization of either amino or carboxyl groups
of AmB on the transport of LDS* is in an opposite way. Figure 4.5 provides a detailed
picture on the effects of neutralization of charged functional groups of AmB. At pH 4.5,
charge on the carboxylic group of AmB is neutralized. The membrane permeability of
POPG-Ergo liposomes is affected drastically by unionized state (neutral form) of car-
boxyl group of AmB at 0.14 molecules of AmB present per liposome. At pH 11, the
charge on the amino group of AmB is neutralized. The effect of unionized state (neutral
form) of amino group of AmB on the membrane permeability of POPG-Ergo liposomes
remains more or less similar up to a unity A/L value. For A/L values greater than unity,
the membrane permeability starts to decrease rapidly due to increase in the concentra-
tion of AmB. At pH 7.4, the AmB molecule has zwitterionic characteristics. The effect
of zwitterionic state of AmB on the membrane permeability is modest. Figure 4.6
demonstrates the absorption spectra of AmB in presence of POPG-Ergo liposomes in
the region of 409-416 nm at pH 4.5 and 7.4. All spectrum appears similar. When pH is
lowered from 11 to 4.5, the interactions between AmB and Ergo are increased. This
suggests that the interactions between AmB and Ergo are pH dependent. From Figure
4.8, it is clearly observed that the pH dependent interaction of AmB with Ergo in

POPG-Ergo liposomes is observed to be higher at pH 4.5 for an A/L value of 0.14. At
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the maximum A/L ratio, the life time values of AmB are almost similar for all the three
pH. The lifetime values of AmB in POPG-Ergo liposomes are significantly higher at
the minimum A/L ratio. The observed trends in the integrated fluorescence intensity and
average fluorescence lifetime of AmB in POPG-Ergo liposomes at three different pH
(Figure 4.9) are similar to that of those observed in the three different POPG liposomes
at pH 7.4 indicating aggregation of AmB molecules within the POPG bilayer. There is
also a possibility that, as pH is lowered, the charge on AmB becomes positive. There-
fore, possibility of electrostatic interaction with negatively charged POPG lipids cannot
be ruled out. In this case, it is expected that the size and zeta potential of the liposomes
will be affected. No changes are observed in these two parameters at the highest concen-
tration of AmB used (275 nM for SH experiments where lipid concentration is 50 uM, 2
uM for absorption and fluorescence measurements where lipid concentration is 33.4
uM). This indicates that the possibilty of any interactions cannot be detected by our ex-
perimental setup. Therefore, based on our experimental evidence, we speculate that in-
teraction between the positively charged amino group of AmB and the hydroxyl group
of Ergo increases with lowering of pH. On the charge neutralization of the carboxyl

group of AmB the interactions increase further.

4.4 Summary and conclusions

Here, the Amphotericin B induced membrane permeability of POPG liposomes as a
function of membrane composition (the presence of either ergosterol or cholesterol in
the membrane) is investigated using SH technique. The effect of AmB on the membrane
permeability of POPG-Ergo liposomes as a function of pH variation in liposome system
by the SH technique, absorption and fluorescence spectroscopy is also studied. The re-

sults of SH and spectroscopy studies of AmB suggested that the interaction between
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AmB and Ergo is the main cause for the enhanced permeability of POPG-Ergo lipo-
somes at low values of A/L. It has also been observed that the spectroscopic properties
of AmB in the presence of POPG-Ergo liposomes are distinctly different from the other
two liposomes indicating specific binding between AmB and Ergo. In addition to this,
the effect of neutralizing two charged functional groups of AmB (amino and carboxyl)
on the POPG membrane permeability using POPG-Ergo liposomes have also been in-
vestigated. It is observed that the interaction of AmB with Ergo primarily depends upon
the charged amino group present in the mycosamine moiety of the antibiotic. The spec-
tral (absorption and fluorescence) changes of AmB also supports this argument. In order
to understand the alteration in the membrane permeability of AmB-Ergo system, a car-
toon diagram of the AmB-Ergo sytem inside a bilayer is illustrated in Figure 4.10. As
the length of the AmB-Ergo system is much lesser than the thickness of the POPG bi-
layer, the lipid molecules near the AmB-Ergo system adjust their positions making the
bilayer thin in this region. In literature, the length of sterol-Amphotericin B complex is
smaller than the bilayer thickness (~5 nm) [51, 52]. Thus, it is proposed that this is the
cause for enhanced membrane permeability.

In addition to this, the results indicate that the membrane permeability of POPG lipo-
somes and POPG-Chol liposomes in presence of AmB are also increased. But the in-
crease is to a lesser extent at low A/L values. The cause of increased permeability of
these two systems requires further investigations. Interestingly, at higher A/L value (>
1), the membrane permeability becomes similar for all the three systems. It is thus con-
cluded that the membrane permeability of all three systems are independent of the na-
ture of sterol present in liposomes. The spectroscopic properties of AmB at higher A/L
values (>1) suggest that the aggregated states of AmB in the bilayer enhances the bi-

layer permeability irrespective of the bilayer composition and the pH of the liposomes
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system. It is pertinent to know that the binding geometry of AmB with these liposomes
needs to be investigated for a better understanding of AmB induced membrane permea-

bility.

O

Figure 4.10: A schematic illustration of the AmB-Ergo molecular system in side the
lipid bilayer which disturbed the ordered arrangement of lipids near to vicinity of
AmB-Ergo molecular system in the POPG bilayer, hence increase the membrane

permeability.
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Chapter 5

pH-Dependent Interaction of Four Different Bile Salts with
POPG Liposomes Studied by Dynamic Light Scattering and

Second Harmonic Spectroscopy

5.1 Introduction

Bile salts are derived from cholesterol metabolism. The major structural constitutents of
bile salts are two or three hydroxyl functional groups in one side and a rigid, large, hy-
drophobic moiety on another side (Figure 1.3). Unlike conventional surfactants, these
molecules (bile salts) are facial amphiphiles as hydrophilic and hydrophobic parts are
located on opposite faces [213]. Bile salts consist of convex side of a hydrophobic ste-
roidal backbone and a hydrophilic side having hydroxyl groups on the concave side,
making these molecules as facial amphiphiles. The facial representations of NaC,
NaDC, UDCA, and UDCA bile salts are shown in Figure 5.1. The physiological activi-
ties of bile salts and their derivatives have been extensively studied [214] due to the fact
that bile salts and their derivatives play a significant role in many physiological func-
tions such as, digestion, adsorption of fats, solubilisation of lipids in the gut, and the ex-
cretion of cholesterol into the intestinal tract. Bile salts themselves do not initiate colon-
ic tumors, but they enhance the induction of tumors by carcinogens [215]. Recent stud-
ies reveal that bile salts promote colorectal carcinoma by stimulation of bile acid dis-
charge due to diets having a high content of saturated fats [216,217]. This indicates that
bile acids are promoters of colorectal carcinoma, not carcinogens. Several studies sug-

gest that the physiological function of the gastrointestinal mucosa is influenced by the
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presence of several physiological molecules [218] such as bile acids. Nugent et. al. sug-
gest that the pH of gall bladder and colon may be acidic during diseased conditions
[219]. It has been observed that pH might play an important role in diseases associated
with gastrointestinal tract: Measurement of pH in patients with ulcerative colitis shows
that in left and right colon the pH values are acidic [219,220]. Additionally, the mem-
brane permeability is altered by bile salts in presence of ionic species. Therefore, it
would be interesting to investigate the pH dependent interaction of bile salts with lipid
membranes. It gives us an idea on the role of pH in the cytotoxic effects of bile salts in

colon.

NaC NaDC NaGDC UDCA

Figure 5.1: Schematic diagram of the facial structures of different bile salts (NaC,
NaDC, UDCA, and UDCA). Bile salts consist of convex side of a hydrophobic
steroidal backbone and a hydrophilic side having hydroxyl groups on the concave
side.

In this work, the pH dependent interaction of four bile salts (sodium cholate (NaC), so-

dium deoxycholate (NaDC), sodium glycodeoxycholate (NaGDC), and ursodeoxycholic
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acid (UDCA)) with POPG liposomes are investigated by dynamic light scattering (DLS)
and interfacial second harmonic (SH) spectroscopic techniques. These four bile salt hy-
drophobicity indices, pKa values and chemical properties are listed in Table 5.1. The SH
and DLS studies are conducted with variation in pH of bile salt- POPG liposome-LDS*
system from pKa +1 to pKa -1, where pKj corresponds to the pKa value of the individual
bile salt. The integrity of POPG liposomes are studied using the DLS technique by mon-
itoring the size and zeta potential of liposome in presence of bile salts. The permeability

of POPG liposomes in presence of bile salts are studied using the SH technique.

Table 5.1: The different chemical properties of the four bile salts. (CMC = Critical

micelle concentration).

Hydrophobicity CMC
Bile salts pK,
indices (mM)
NaC 0.13 52 9-15
NaDC 0.72 6.2 3-10
NaGDC 0.65 4.8 21
UDCA -0.35 5.1 7-19

5.2 Results and Discussions

Four bile salts NaC, NaDC, NaGDC and UDCA are used for the SH studies. The hydro-
phobicity indices of these bile salts vary widely. The pKa values of these salts range
from 4.8 to 6.2. Thus, selecting different bile salts having wide range of pKa values can
give a comprehensive idea about the effect of pH on liposomal membrane permeability
by changing the pH of bile salt- POPG liposomes system. The stock solutions of NaC,
NaDC and NaGDC are prepared in milli-Q water (resistivity of 18.2 MQ.cm at 25°C

and a TOC value below 5 ppb). Since, UDCA is sparingly soluble in water, its stock so-
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lution is prepared using ethanol as a solvent. Individual bile salt incubated with POPG
liposomes at desired pH. Details of preparation of bile salt incubated POPG liposomes
are described in Chapter 2. Briefly, an aliquot of bile salt solution is added to preformed
POPG liposomes to get the required concentration of bile salt followed by incubation at
room temperature for 1 hr. One hour incubation time is allowed to ensure sufficient in-
teraction bile salts and liposomes. The SH studies have been carried out with the organic
cations, MG* and LDS-698 (LDS") as a SH probe [127,140,141]. The LDS" ion a posi-
tively charged ion which is adsorbed on a negatively charged POPG lipid bilayer of lip-
osome in the SH experiments. At physiological pH, sub milli-molar concentration of
bile salt does not appreciably change the bilayer characteristics of liposomes [70,221].
Thus, DLS experiments are performed at different concentrations of individual bile salts
present in the POPG liposomes. The effects of different concentrations of individual bile
salt on the integrity of liposome can be ascertained. In order to understand the mem-
brane permeability of liposome, the effect of pH on bile salt incubated liposomes is in-
vestigated by monitoring the transport of LDS* across POPG liposomes containing bile

salts.

Details of the SH and hyper-Rayleigh scattering (HRS) measurements are carried out as
described in Chapter 2. The effective diameter (the average size of liposome), zeta po-
tential and polydispersity of respective bile salt incubated liposomes are measured at
two different pH values: pKa + 1 and pKa -1 using a Brookhaven 90 Plus size and zeta
potential analyzer (Brookhaven Instrument Corp, USA). Here, the pKa corresponds to
the respective bile salt. The average size, polydispersity, and zeta potential of POPG
liposomes incubated with different bile salts at two different pH are listed in Table 2.3

(Chapter 2). The studies (The SH experiments, size and zeta potential) are carried out at
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pKat+1 ensure that 90% of the molecules are present in their ionized state, i.e. in their
salt form. Similarly, at pKas-1 ensure that 90% of the molecules are present in their un-

ionized state, i.e. in the acid form.
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Figure 5.2: Variation in the average diameter of different POPG liposomes with bile
salt concentration for four bile salts at two pH conditions. The pH of bile salt- POPG
liposomes systems is selected as pKa-1 and pKat+1l. Here, the pKa corresponds to

respective bile salt.

The Figure 5.2 describes changes in the average diameter of bile salt incubated POPG
liposomes with variation in bile salt concentration for two cases: pKa-1 and pKat+1. The
pKa corresponds to respective bile salt. In the Figure 5.2, the X-axis is kept deliberately
in logarithmic scale in order to accommodate entire range of concentrations of bile salts
used. The size measurements of liposomes are carried out at pKa +1 and pKa -1 with in-
creasing concentration of individual bile salt up to well below CMC of individual bile

salt. It is clearly shown that the integrity of POPG liposomes is observed to be intact at
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bile salt concentrations laying well below few mM (less than their critical micelle con-
centration, Table 5.1). It is pertinent to note that at pH (pH = pKa+1 for UDCA bile
salt), interaction of UDCA with POPG liposome cannot be studied above UDCA con-
centration of 100 uM. Increasing concentration of UDCA beyond this also increases the
concentration of ethanol that disrupts integrity of liposome. This constraints studies at
higher concentrations (> 100 uM) of UDCA in POPG liposomes. From Fig. 5.2, at pH=
pKa-1, the bile salts are in their unionized (~90%) state (acidic form). The unionized
state of bile salts are able to disrupt the POPG liposomes at much lower concentrations
of bile salts. These values are 70 uM for UDCA and 100-400 mM for NaGDC, NaC,
and NaDC. It is clearly observed that bile salt concentration has significant effect on the
integrity of POPG liposomes. Thus, the integrity of liposome may be compromised at
higher concentration of bile salts. Therefore, each bile salt concentration of 50 uM is
selected for all SH studies. Thus, it is ensured that structural integrity of POPG liposome
remains undisturbed at any of the concentrations of bile salt used in this study. In order
to get an idea how this bile salt-bile acid transformation affects the permeability of the

POPG liposomes in presence of bile salts.

The SH experimental procedure is briefly explained here. The SH studies are carried out
at a fixed temperature by a Neslab (JULABO Labortechnik GmbH, Germany) circulat-
ing water chiller having a temperature accuracy of + 1 °C. The SH experiments are per-
formed as per the given procedure. A concentration of 50 pM of the respective bile salt
incubated in POPG liposomes suspension is added into the solution having 5 uM LDS*
ions in the cuvette. There is an instantaneous increase (< 1 second) in SH intensity due
to the electrostatic adsorption of positively charged LDS™ ions onto a negatively charged

outer surface of POPG liposomes as demonstrated earlier [141]. After the addition of
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POPG liposomes to the solution containing LDS*, the SH electric field of (E»,) of LDS*
gradually decreases with time. This indicates the transport of LDS* ions from the outer
lipid bilayer to the inner lipid bilayer of POPG liposomes. The measured experimental
data can be converted to the SH electric field then it is fitted to exponential decay func-
tions per following equation 1.12. The transport time constant (t values) are extracted by
exponential fitting of the decay curves of the SH electric field of LDS* ion and calculat-
ed tav Values. The SH decay curve is fitted from their maximum value of the SH electric
filed (Ezo) 1.e. just after addition of the liposomes to the buffer solution containing LDS*

ions.

Figure 5.2 describes time dependent changes in the SH electric field of LDS* (Ez,) un-
der different POPG liposomes at two different pH: pH: 7.4 (top) and 5.0 (bottom). The
bile salt-liposomes suspension is added to buffer solution containing the LDS* ions (5

M) at 50 seconds.

These different liposomes systems are: The black curve represents the SH electric field

of LDS* ions across the POPG liposomes (control, i.e., without bile salt). Similarly,

The red curve represents the SH electric field of LDS™ ions across the 50 uM of NaC

bile salt incubated in POPG liposomes.

The blue curve represents the SH electric field of LDS* ions across the 50 uM of NaDC

bile salt incubated in POPG liposomes.

The green curve represents the SH electric field of LDS" ions across the 50 uM of
NaGDC bile salt incubated in POPG liposomes.
The pink curve represents the SH electric field of LDS* ions across the 50 uM of UDCA

bile salt incubated in POPG liposomes
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Figure 5.3: Time dependent changes in the SH electric field of LDS™ (Ez») under
different liposomes systems at two different pH: pH: 7.4 (top) and 5.0 (bottom). The
liposome systems are POPG liposomes and respective bile salt (NaC, NaDC, NaGDC,
and UDCA) incubated POPG liposomes. The liposomes suspension is added to buffer

solution containing the LDS" ions (5 uM) at 50 seconds.

From Figure 5.3, it is clearly shown that pH has a significant effect on the transport of

LDS™* ions across POPG liposomes containing bile salts. The fitted parameters are

103



obtained from decay of SH electric field of LDS* after addition of individual bile salt
incubated POPG liposomes to the buffer solution containing LDS* ions. The tav Values

of LDS* in all the POPG liposomes systems have been summarized in the Table 5.2.

Table 5.2: Summarizes the average transport time constants (tav, in seconds) of LDS*

across the different POPG liposomes at two different pH.

Liposome + Bile salts pH 7.4 (7,, sec.) pH S5 (t,,, sec.)
POPG only 560 900
POPG + NaC 963 -
POPG + NaDC 108 -
POPG + NaGDC 845 15
POPG + UDCA 890 650

At physiological pH -7.4, the results are demonstrated that the tay vValues of LDS" in
POPG liposomes with bile salt are more predominant as compared to POPG liposomes
without bile salts (bile salt free POPG liposomes). The tay Values of LDS* increase ~1.6
times in the POPG liposomes with NaGDC bile salt as comapared to POPG liposomes.
The similar change is observed in NaC bile salt present in POPG liposomes and UDCA
bile salt in POPG liposomes. But, In case of NaDC tay 0f LDS* decreases by 5 fold
(from Figure 5.2). When pH of the system is reduced to pH 5.0, tay values of LDS*
transport across POPG liposomes in presence of bile salts are significantly affected for
NaC, NaDC, and NaGDC bile salts. The tav values of LDS* reduces by a factor of ~60
in each of NaGDC bile salt. The relative decrease of tay caused by NaC and NaDC in
liposomes is very fast and difficult to detect (time resolution of the setup is one second).

Interestingly, for UDCA, the changes in the tay Values at pH 5.0 are modest. The results
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presented in Figure 5.3 suggest that the pH of bile salt-liposome-LDS* system has
profound effect on the membrane permeability of POPG liposomes against LDS* ions.
The permeability of LDS* ions variation with pH depends on the bile salt-bile acid
transformation. We perform SH studies of bile salt- POPG liposome-LDS* system for a

range of pH values from pKa + 1 to pKa -1 with increment of 0.2 pH units.

Figure 5.4 & 5.5 describe time dependent changes in the SH electric field of LDS* (E2.)
before and after addition of POPG liposomes with individual bile salt (50 uM) to the
buffer solution containing LDS* (5 uM) for four different bile salts. (a) NaDC, (b) NaC,
(c) NaGDC and (d) UDCA. The transport time constants (zav) are extracted by exponen-
tial fitting of the decay curves of the SH electric field of LDS* in POPG liposomes with
bile salts. The lifetime values have an error of 10%. The tav Values of LDS™ in all the
POPG liposomes systems are summarized in the Table 5.3. The tay of the LDS* ions are
used for plotting the variations in pH of bile salt-POPG liposomes system as shown in
Figure 5.6. In Figure 5.4 & 5.5, it is clearly observed that the pH dependent changes in
the transport of LDS™* are similar for three liposome-bile salt system (NaC, NaDC and

NaGDC) and it is different for UDCA bile salt.
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Figure 5.2: Time dependent changes in the SH electric field of LDS" (Ez,) are
observed in POPG liposomes incubated with respective bile salt. (a) 50 uM of NaDC,
(b) 50 uM of NaC. The pH of bile salt-liposomes system is varied in the range of pH
values from pKa + 1 to pKa -1 with increment of 0.2 pH units. The liposomes
suspension is added to buffer solution containing the LDS" ions (5 uM) at 50 seconds.

The legends are colour matched with the data for clarity.
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Figure 5.3 : Time dependent changes in the SH electric field of LDS* (Ez,) are
observed in POPG liposomes incubated with respective bile salt. (c) 50 uM of NaGDC,
(d) 50 uM of UDCA. The pH of bile salt-liposomes system is varied in the range of pH
values from pKa + 1 to pKa -1 with increment of 0.2 pH units. The liposomes
suspension is added to buffer solution containing the LDS" ions (5 uM) at 50 seconds.

The legends are colour matched with the data for clarity.
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The observed change in the decay curves of the SH electric field of LDS" (E»,) with var-
iation in pH of bile salt-liposome-LDS* system indicate of two distinct regimes for NaC,
NaDC, and NaGDC bile salts. These two regimes are followed by below pK, and above
pKa value of bile salt. A sudden change occurs around pKa value of the individual bile
salt is also seen in Fig. 5.4 & 5.5. Where as, in case of UDCA bile salt, there is a gradual
decrease in the decay of the E», with decrease in pH. Since UDCA bile salt is the most
hydrophobic of the four bile salts studied. The higher hydrophobicity [219] of UDCA

might account for the observed E», trends in Figure 5.5 (d).

Table 5.3: Summarizes the average transport time constants (tav, in seconds) of LDS*
across the different bile salt-POPG liposomes. The pH of bile salt-liposomes system is
varied in the range of pH values from pKa + 1 to pKa -1 with increment of 0.2 pH

units.

NaC NaDC NaGDC UDCA

pH |7,,(sec)] pH [v,,(sec)| pH |7,,(sec) pH |7,,(sec)

6.2 673.5 7.2 669.78 5.8 548.75 6.1 578.31

6 543.81 7.0 721.72 5.6 616.55 5.9 530.76

5.8 366.59 6.8 560.58 5.4 235.63 5.7 526.86

5.6 398.17 6.6 778.42 5.2 350.77 5.5 359.87

5.4 517.53 6.4 556.06 5 615.37 5.3 240.02
5.2 94.74 6.2 506.75 4.8 583.07 5.1 271.32
5 70.63 6.0 132.63 4.6 286.2 4.9 159.18

4.8 25.38 5.8 55.23 4.4 225.67 4.7 89.91

4.6 24.67 5.6 26.18 4.2 62.47 4.5 46.08

4.4 27.60 5.4 19.57 4 24.99 4.3 23.30

4.2 23.67 5.2 11.00 3.8 22.67 4.1 22.98
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Figure 5.4: Changes in the average transport time constants (zay) of LDS" ions with
variation in the pH of bile salt-POPG liposomes system. The pH of bile salt-liposomes
system is varied in the range of pH values from pKa + 1 to pKa -1 with increment of
0.2 pH units. Where, the pKa corresponds to respective bile salt. The data points are
fitted with a sigmoidal function. The inflexion points are mentioned in the graph for

each bile salts and they match closely with their respective pKa.

Finally, figure 5.6 describes the tayvalues of the LDS* ions across POPG liposomes in
the presence of bile salts with variation in pH. The trends in the tay values with
decreasing pH is clearly demonstrate in the “S” shape curve for all four bile salts. The
Tav Values of the LDS™ data set is fitted with a sigmoidal function for each bile salt. The
point of inflection is obtained from fitting parameters. The point of inflection matches
closely with the pKa of corresponding bile salt. A sharp transition decay is observed for
three bile salts NaC, NaDC, and NaGDC bile salts whereas, it is gradual for UDCA bile

salt. From figure 5.6, it is observed that as pH varies from pKa+1 to pKa-1for each bile
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salt, the tav values of LDS* decrease. The bile salts in their neutral form are more
conducive in enhancing the permeability of the POPG membrane as compared to the
bile salts in ionic form. There is increased interest in the investigation of the cytotoxic
effect of bile salts in colon epithelial cells. The main targets of bile acids within the
gastrointestinal tract are epithelial cells [222] and these cells are known to be
transformed to cancerous. High content of saturated fats in diet produces elevated levels
of bile acids in the colonic lumen. As bile acid concentration in the colonic lumen
increases, there may be an increase in cytotoxic effects of bile acids [223]. In addition to
this, the epidemiologic studies reveal that for an increase in high serum or fecal bile acid
concentrations, there is an increased risk of colorectal cancer [224]. Therefore, at lower
concentration level, the physiological activity of bile acids are cytoprotective
(physiological detergents and regulators of cell fate and signal). However, at higher
concentration level, these are cytotoxic. The bile acids are considered as tumor-

promoting agents in colorectal cancer development [225].

The concentrations of bile acids in the final tract of the colon is low under physiological
conditions. The concentration of bile salts is higher in the gallbladder (~300 mM) and
the small intestine (~10 mM). Under pathological circumstances or fat-rich diet, there
might be concentrations of bile salts as high as 1 mM in cecum or in fecal. Under these
conditions, the concentration of NaDC can reach values around 700-800 uM [226].
Based on our results it can be safely speculated that high concentration of NaDC plays a
crucial role in membrane damage (changing the membrane permeability). We know that
the role of pH in the colon is of vital importance. Since the colonic pH remains slightly
acidic (~ 6.0), it is perhaps worthwhile to speculate that in this condition NaDC have

more cytotoxic effects and are followed by NaC. The other two NaGDC and UDCA bile
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salts do not affect the membrane integrity. Our results thus point out one aspect of bile

salt induced cytotoxicity is by damaging the membrane integrity.

5.3 Summary and conclusions

In this chapter, the effect of bile acid — bile salt transformation on the permeability and
integrity of POPG liposomes have been investigated by DLS and SH spectroscopy. Our
results suggest that the bile salts in their neutral form are much superior for alteration of
the POPG membrane properties as compared to their in ionic form. As pH of the colon
is slightly acidic, the bile salts are considered to be responsible for colorectal cancer.
Our results indicate that out of the four bile salts, NaDC and NaC bile salts affect the

colon by altering the membrane properties causing cellular damage.
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Chapter 6

Summary and future prospective

In this thesis, the interactions of amphiphilic molecules with a membrane lipid bilayer
have been investigated. To monitor the adsorption and transport of an organic cation
(LDS?*) across the lipid bilayer in real time we have used the interfacial specific second
harmonic (SH) spectroscopic technique. Amphiphilic molecules like pluronic polymers,
the antibiotic Amphotericin B, and bile salts have been used in thesis. The LDS" ion has
been employed as an optical SH probe in the SH studies due to a strong second-order
non linearity at the wavelength (800 nm) of a Ti-sapphire laser generating femtosecond
pulses (pulse width ~150 fs). The SH spectroscopic studies have been performed using
the quasi-CW output of the Ti-sapphire by tuning the laser wavelength to 800 nm and

detecting the SH intensity at 400 nm.

Pluronic polymers (F-127, F-68 and L-61) induced membrane permeability of the POPG
liposomes have been investigated. In this study, the effect of the variation in the length
of either hydrophilic (poly-ethylene oxide, PEO) or hydrophobic (poly-propylene oxide,
PPO) units in the polymer by the membrane transport of LDS* ion was studied. The in-
dividual PPO and PEO units of the polymer were observed to play a key role in deciding
the membrane permeability. The transportof LDS* ions across the POPG lipid bilayer
was observed to depend critically on the length of the hydrophobic (PO) segment pre-
sent in the polymer. This has been attributed to the significant alteration in the bilayer
packing near the vicinity of the adsorbed polymer. The change was more pronounced
for the polymer unit with longer hydrophobic (PO) segment. In addition, the role of pol-

ymer structure and temperature on the insertion and location of the hydrophobic part
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(PPO) of the polymer inside the membrane were also investigated by monitoring the
transport of the LDS*. The most hydrophobic of the series, was observed to insert itself
spontaneously into the bilayer. The results obtained in this study are expected to provide

further insight into the nature of pluronic polymer induced membrane permeability.

In this study, the membrane permeability induced by the polyene antibiotic Amphoteri-
cin B (AmB) in the negatively charged POPG liposome bilayer containing either ergos-
terol (Ergo) or cholesterol (Chol) by monitoring the bilayer transport of the LDS" has
been investigated. The transportof LDS" ions across the lipid bilayer with and without
sterol was observed to depend on Amphotericin B/Liposome (A/L) ratio. The transport
of LDS* ions across the POPG lipid bilayer with and without sterol falls into two Kinetic
regimes. In the first regime, at low A/L value, the transport of LDS* ions across with
and without sterol incorporated POPG lipid bilayer decreases linearly with different
slopes. The membrane permeability of ergosterol incorporated POPG liposomes was
higher compared to cholesterol incorporated POPG liposomes and only POPG lipo-
somes. The interaction between AmB and Ergo was found to be responsible for the en-
hanced bilayer permeability. In the second regime, at higher the A/L value, the bilayer
permeability becomes independent of the nature of sterol. The results suggest that with
increasing A/L value, the aggregated states of AmB in the bilayer which enhances the
bilayer permeability irrespective of the bilayer composition. The spectral (absorption
and fluorescence) changes of AmB in liposomes also support this argument. It was ob-
served that interaction of AmB with Ergo is primarily dependent upon the charged ami-
no group present in the mycosamine moiety of the antibiotic. We believe that these re-

sults will help further understand the action of the antibiotic present in a bilayer.
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We have also studied the pH dependent interactions of four bile salts with the negatively
charged POPG liposomes. The results indicate that in their neutral form (i.e bile acids),
these are able to alter the POPG membrane properties significantly more compared to
their ionic (i.e. bile salts) form. Therefore, one of the pathways of bile salt induced cyto-
toxicity in the gastrointestinal tract, may occur due to the potential membrane damaging

action of these bile salts at acidic pH.

Thus in the present thesis three important aspects related to the liposomes composition
such as copolymer composition, sterol incorporate liposomes, and pH on the transport of
probe molecules have been investigated mainly by SH spectroscopy and also supported
by other spectroscopic tools. The results presented in the thesis find utility in under-

standing the transport of many important biomolecules across the cell membranes.

Future directions:

These results show the potential of SH spectroscopy as an important tool to understand,
the nature of the interactions and the manner in which amphiphilic molecules are able to
alter the membrane permeability of the POPG liposome bilayer. In order to get a more
comprehensive picture, the interaction of amphiphilic molecules with the lipid head
group needs to be investigated in more detail. For example, it is important to know the
binding geometry of AmB with these liposomes. Such studies provide insights about the
molecular mechanism behind how these molecules are able to induce membrane perme-

ability.
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